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ABSTRACT 
Solid oxide fuel cells (SOFCs) convert chemical energy directly into electrical energy, 
leading to significantly higher conversion efficiencies. The oxygen reduction reaction 
(ORR) at the cathode is often the rate-controlling step in the electrochemical reactions 
occurring in the SOFCs. Strontium doped lanthanum cobalt ferrite (LSCF) is a widely used 
cathode material due to its high electronic and ionic conductivity, and reasonable oxygen 
surface exchange coefficient. However, LSCF can have long-term stability issues such as 
surface segregation of Sr during SOFC operation, which can adversely affect the 
electrochemical performance. Thus, understanding the nature of the Sr surface segregation 
phenomenon, and how it is affected by the composition of LSCF, strain, and the CO2 in 
the gas phase at the cathode, are critical.  
In this research, heteroepitaxial thin films of La1-x SrxCo0.2Fe0.8O3- with various Sr contents 
(x = 0.4, 0.3, 0.2) were deposited by Pulsed Laser Deposition (PLD) on single crystal 
NdGaO3, SrTiO3 and GdScO3 substrates, leading to different strains in the films. The extent 
  ix 
of Sr segregation at the film surface was quantified using the synchrotron-based total 
reflection X-ray fluorescence (TXRF) technique, and by Atomic Force Microscopy 
(AFM). The microstructure and the electronic structure of the Sr-rich phases formed on the 
surface were investigated by scanning/transmission electron microscopy (S/TEM) and hard 
X-ray photoelectron spectroscopy (HAXPES), respectively. These studies revealed that the 
surface phases consisted of SrO covered with a capping layer of SrCO3. The presence of 
CO2 in the atmosphere was found to enhance the kinetics of Sr surface segregation in 
LSCF.  
The extent of Sr segregation was found to be a function of the Sr content in bulk. Lowering 
the Sr content from 40% to 30% reduced the surface segregation, but further lowering the 
Sr content to 20% increased the segregation. The strains of LSCF thin films on various 
substrates were measured using high-resolution X-ray diffraction (HRXRD) and the Sr 
surface segregation was found to be reduced with compressive strain and enhanced with 
tensile strain present within the thin films. A model was developed correlating the Sr 
surface segregation with Sr content and strain effects to explain the experimental results.  
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1. Introduction 
1.1 Solid oxide fuel cells (SOFCs) 
Solid oxide fuel cells (SOFCs) are electrochemical devices that convert chemical energy 
into electricity and heat by electrochemical reactions using an oxide ion conducting 
material as electrolyte together with a cathode for oxygen incorporation process and an 
anode for oxidation of fuels.1 SOFCs have several advantages over traditional ways of 
generating electrical power, including high efficiency (~70%) achievable with 
cogeneration2,3, and being an environmentally friendly process4–6. A single cell in SOFCs 
generally contains 3 components: a cathode, an anode, and an ion-conducting electrolyte 
(Figure 1). The electrolyte separates the two electrodes so that fuel and the air do not react 
through direct combustion.  
During operation, air is fed to the cathode side where atmospheric oxygen is reduced and 
electronated, forming O2- ions that which can migrate through the electrolyte to the anode 
side; while fuel (hydrogen, gaseous hydrocarbon etc.) is fed to the anode side and is 
oxidized, combining with the O2- to form H2O as a product. The electrons released in this 
oxidation process travels through the external circuit to provide power to the load, before 
being used for the reduction reaction at the anode (Figure 1). The voltages across single 
cells are quite small and cells need to be stacked and connected by interconnects to achieve 
practically useful voltages.7–9 
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Figure 1.  Schematic of a solid oxide fuel cell.  
 
Typical operating temperatures for SOFCs range from 600°C to 1000°C.10–13 At the high 
temperature end of this range, electrochemical reactions and ionic transport are sufficiently 
fast.14,15 On the other hand, high temperature operation presents challenges such as higher 
materials cost, higher stresses due to thermal expansion mismatch between SOFC 
components, and durability and reliability issues.16 Operation at the lower end of the 
temperature range leads to challenges related to slower reaction and mass transfer kinetics, 
requiring new materials with improved surface catalytic and bulk transport properties. 
Currently, SOFCs run at temperatures at the middle of the range (~800°C). 
 
  
3 
1.2 Cathode materials 
The cathode of SOFCs is usually a porous layer on the electrolyte where the oxygen 
reduction reaction (ORR) takes place.17 Ideally, cathode materials have the following 
property requirements: (1) high electronic and ionic conductivities;18 (2) matched 
coefficient of thermal expansion (CTE) and chemical compatibility with the electrolyte;19 
(3) sufficient porosity so that the gaseous oxygen is able to easily diffuse through the 
cathode to the electrode/electrolyte interface, without compromising the mechanical 
stability of the cathode layer;20,21 (4) stability under oxidizing environment during 
operation;22,23 (5) high catalytic activity for ORR,24,25 and (6) low cost.  
 
1.2.1 Perovskite materials     
It is very important to match the CTE between the cathode and electrolyte materials and to 
avoid interface reactions. Commonly used electrolyte materials are yttria-stabilized 
zirconia (YSZ), gadolinium-doped ceria (GDC), samarium-doped ceria (SDC), etc.26–29 
Available cathode materials with matched CTE include lanthanum manganite-based 
cathodes formulated as La1-xAxMnO3±δ (LSM, A=Sr
2+, Ca2+, etc.), other manganite 
cathodes formulated as Ln1-xSrxMnO3±δ (Ln=La, Pr, Nd, Sm, Gd, Yb or Y), lanthanum 
cobaltite and ferrite cathodes formulated as La1-xSrxCoO3-δ (LSC), La1-xSrxFeO3-δ (LSF), 
and La1-xSrxCo1-yFeyO3-δ (LSCF), all of which belong to the group of perovskite 
materials.17,30–32 
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Perovskite materials have been commonly used as cathode material for SOFCs in the past 
decade.33 They belong to a class of materials that have the same crystal structure of CaTiO3, 
and have a chemical formula Am+Bn+O3 where ‘A’ and ‘B’ are cations with a total charge 
of 6+ (m+n=6). In an ideal cubic unit cell of a typical perovskite material, A-site cations 
are larger, sitting at corner positions (0 0 0) and are coordinated to 12 oxygen anions while 
B-site cations are much smaller, sitting at body center positions (½ ½ ½) and are 
coordinated to 6 oxygen anions. Oxygen anions are sitting at face center positions (½ ½ 0) 
as shown in Figure 2.34,35  
 
Figure 2.  A unit cell of cubic-structure perovskite with chemical formula ABO3. The red 
spheres are A-site cations, the blue sphere is B-site cation and the yellow spheres are 
oxygen anions. 
 
For commonly used perovskite materials as cathodes in SOFCs, the A-site cation is usually 
a mixture of rare and alkaline earth elements (such as La, Sr, Ca or Ba) and the B-site cation 
is a transition metal or a mixture of transition metals (such as Mn, Co or Fe). In most cases, 
the B-site cations are catalytically active for the redox reactions.36,37 Due to the A- and B-
site substituted cations, many perovskite structures are distorted and do not have cubic 
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symmetry, but instead, have octahedral or orthorhombic symmetry.38–40 The octahedral 
symmetry often promotes metallic or semiconducting band structures at high temperatures, 
leading to high electronic conduction.41 By partial substitution of A-site cations with other 
cations of lower valence (for example, A1
3+ by A2
2+), oxygen vacancies are introduced to 
make up the missing charge because the overall valence of the A- and B-site cations add 
up to less than 6.42 This could also be achieved by the partial reduction in B-site cation 
valence (B3+ to B2+ or B4+ to B3+). In oxide ion conductors, the ionic conductivity, σi, is 
given as: 
 vvi qN    (1) 
where NV is the oxygen vacancy concentration, q is the charge of the vacancy and µv is the 
mobility of the ion. Thus, the ionic conductivity of the perovskite material is largely 
dependent on its oxygen vacancy concentration and the ionic conductivity of most cathode 
materials can be improved by cation doping in both A- and B-sites.  
 
1.2.2 Oxygen reduction reaction (ORR) 
The basic steps of oxygen reduction reaction at the cathode for a mix ionic and electronic 
conducting electrode include:43 
1. Diffusion of O2 molecules in the gas phase to the cathode. 
2. Adsorption of O2 molecules on the surface of the cathode [O2(g)+s(ad)→O2(ad)]. 
3. Dissociation of molecular into atomic oxygen species [O2(ad) →2O (ad)]. 
4. Charge transfer from the cathode to oxygen species [O(ad)+2e/ →2O//(ad)]. 
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5. Incorporation of oxide ions in the crystal lattice of the cathode 
[O//(ad)+VO∙∙→Oox]. 
6. Bulk transport of O2- ions through the cathode to the cathode/electrolyte interface. 
7. Transfer of O2- ions across the cathode/electrolyte interface.  
The ORR is the biggest contributor to total cell resistance and the final cell performance 
can be largely improved by enhance the catalytic activity of the cathode. 
For perovskites used as cathode materials, three possible paths for the cathodic reaction 
(Eq. 2) are proposed: the cathode surface path, the bulk path and the electrolyte surface 
path (Figure 3). These three paths correspond to electronic conductors (e.g., LSM), mixed 
ionic and electronic conductors (MIEC, e.g., LSCF) and composites (e.g., LSM-YSZ), 
respectively.17 The oxygen ions then migrate selectively through the electrolyte to the 
anode, where they undergo the anodic reaction with fuel at the anode side (e.g. H2 or 
hydrocarbon) to form H2O (Eq. 3) and CO2 if the fuel is a hydrocarbon. The lost electrons 
are then transported through the external electrical circuit. The percentage of reversible 
work converted to electrical work depends on the internal losses in the cell, including the 
ohmic resistance of the electrolyte and the overpotential losses at the electrodes.41 
 
)eelectrolyt(O(cathode)e2)gas(O
2
1 -2
2 
 
(2) 
 (anode)e2O(anode)H)(anodeHte)(electrolyO 22
2 
 
(3) 
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Figure 3. Schematic of the three paths for the oxygen reduction reaction.44 
 
1.2.3 La1-xSrxCo1-yFeyO3-δ (LSCF) 
This study focuses on the investigation of strontium doped lanthanum cobalt ferrite, 
denoted as La1-xSrxCo1-yFeyO3-δ or LSCF. LSCF is a commonly used perovskite-type 
material for cathodes in SOFCs, where La and Sr atoms are sitting on A-site and Co and 
Fe atoms are sitting on B-site of the perovskite structure (Figure 2). The advantages of 
LSCF over other candidates for cathode materials such as La1-xSrxMnO3-δ (LSM), is its 
mixed ionic and electronic conductor (MIEC) behavior45–48 and its excellent coefficient of 
thermal expansion (CTE) match with the electrolyte, which is often yttria stabilized 
zirconia (YSZ) and gadolinium doped ceria (GDC)32,49–51. Due to its MIEC behavior, it is 
assumed that the oxygen reduction reaction takes place not only at the triple-phase 
boundary (TPBs), but on the entire surface of the cathode. Despite these advantages, when 
operated at working temperature of SOFCs (typically, 800°C or higher), LSCF suffers from 
long-term stability issues, which has negative implications for long-term usage of LSCF as 
the cathode material for SOFCs. 
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1.2.4 Degradation of cathode materials 
Solid oxide fuels cells suffer from several long-term stability issues, among which the 
degradation of cathode material is an important contributor. It has been reported that in 
SOFCs with La-based cathode materials, Cr vapor species generated from the Cr2O3 
formed on the interconnections react with the cathode materials, forming a less catalytically 
active phase (Figure 4).52–56 Matsuzaki et al.57 found that the degree of the degradation of 
LSM-based cathode performance was dependent on the composition of the electrolyte on 
which the electrode was processed, suggesting the electrochemical properties of the 
electrode/electrolyte interface influence the reduction of the chromium oxyhydroxide 
vapor. Komatsu et al.54 reported that LSCF has the best electrochemical performance at 
intermediate temperatures of around 800°C, with the interconnections coated to prevent Cr 
poisoning, compared to LSM and LNF (LaNi0.6Fe0.4O3) cathodes. Fujita et al.
55 found that 
with (La,Sr)CoO3 coated interconnections, the growth rate of Cr2O3 on the Cr-containing 
alloys as well as the rate of cathode degradation are greatly reduced.  
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Figure 4. STEM-DES mapping of LNF/GND/YSZ interface.58 
 
1.2.5 Sr surface segregation phenomena 
Another important degradation mechanism for cathode materials is Sr surface segregation. 
It is reported that when SOFCs with LSCF or LSM cathodes are operated at ~800°C, Sr in 
the lattice tends to segregate to the cathode surface, forming secondary phases of strontium 
oxide (SrO) and strontium carbonate (SrCO3), which might contribute to the degradation 
of the cell performance (Figure 5).59–63 Oh et al.59 reported the formation of SrO on the 
surface of dense LSCF samples after annealed at 600-900°C for up to 100 hours, 
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characterized using Auger electron spectroscopy (AES) and TEM-based energy dispersive 
spectroscopy (EDS). They proposed a two-step mechanism for the formation of SrO where 
the first step is the formation of oxygen vacancies and second step is the precipitation of 
the enriched Sr phase. Fister et al.61 found evidence of strontium surface segregation in 
(001)-oriented LSM thin films when annealing at 25-900 °C with oxygen partial pressures 
of 0.15-150 torr. They found that Sr surface concentration increases with decreasing pO2, 
suggesting that surface oxygen vacancy concentration plays a significant role in controlling 
the degree of Sr surface segregation. Finsterbusch et al.60 measured Sr surface segregation 
as a function of electrochemical environment for LSCF using X-ray absorption 
spectroscopy. They also reached the same conclusion that the oxygen vacancy 
concentration of the cathode surface dictates Sr surface segregation. Bucher et al.62 found 
that Sr was strongly enriched on the LSCF sample surface after annealing in both dry and 
wet atmosphere at 700°C. It is typically proposed that the as-formed Sr-enriched secondary 
phases can block active surface sites for ORR that can greatly reduce cell performance. 
However, Mutoro et al.64 recently reported that with a very small amount of Sr-rich 
particles (SrO/SrCO3/Sr(OH)2) decorated on the cathode surface (LSC thin film), ORR can 
be highly enhanced due to the enhancement of surface exchange coefficient, resulting from 
the Ruddlesden-Popper phase formed at the interface between LSC surface and Sr-enriched 
surface particles. 
 
  
11 
 
Figure 5. SEM images of the precipitates on LSCF surfaces after heat treatment at (a) 900 
°C for 50 h, (b) 900 °C for 50 h, (c) 860 °C for 100 h, and (d) 890 °C for 100 h. (a)–(c) are 
polished surfaces while (d) is an unpolished surface.59 
 
1.2.6 Characterization techniques used to investigate Sr surface segregation 
phenomena 
Identifying and developing new materials for the components of SOFCs is very important 
in designing better devices. Key requirements such as durability and compatibility of the 
components have to be fully investigated before the material could be incorporated into a 
working cell. Consequently, there has been an increasing demand for advanced 
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characterization techniques to study materials durability. Available surface 
characterization techniques to study the Sr surface segregation phenomena will be the focus 
of the following section.  
In-situ characterization techniques have been utilized to monitor changes in the properties 
of materials used in SOFCs as a function of temperature, gas phase composition, and 
electrical load. X-ray diffraction is routinely used to study the reactivity of functional 
components at SOFC operating temperatures. Sayers et al.65 used x-ray diffraction to study 
the kinetics of reaction between nickelate cathodes on CeGdO2 and LaSrGaMgO3 
electrolytes as a function of temperature. Fischer et al.66 determined residual stresses in 
anode supported SOFCs, using in-situ x-ray diffraction to map the stress distribution. 
Mutoro et al.64 used ambient pressure x-ray photoelectron spectroscopy to monitor the 
surface evolution of Sr-enriched particles. 
An alternative to laboratory-based x-ray sources are synchrotron-based x-ray sources, 
which provide much brighter (or more brilliant) x-rays that enable better statistics in much 
shorter times. Synchrotron-based spectroscopic techniques include x-ray absorption near 
edge spectroscopy (XANES) and extended x-ray absorption fine structure (EXAFS), used 
to measure chemical information.67,68 Fister et al.61 utilized in-situ synchrotron-based total 
reflection x-ray fluorescence (TXRF) to depth profile the Sr concentration in LSM thin 
films over a wide range of temperatures and oxygen partial pressures (Figure 6).  
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Figure 6. Figure 6. Total reflection x-ray fluorescence (TXRF) results showing Sr/(Sr+La) 
ratio as a function of incidence angle.61 
 
Electron spectroscopy techniques, widely used for surface chemical analysis, include 
Auger electron spectroscopy (AES)69–71 and x-ray photoelectron spectroscopy (XPS).72–75 
have been used in characterizing the surface of components for SOFCs. These techniques 
have been used in characterizing the surfaces of SOFC components. Wachsman and co-
workers59 used AES to measure the surface composition of pre- and post-annealed 
La0.6Sr0.4Co0.2Fe0.8O3 (LSCF-6428). They have found that the Sr concentration doubled 
while the Fe concentration halved on the surface of an LSCF disk after annealing at 800°C 
for 50 hours. Shao-Horn and co-workers64 have investigated LSC thin film with Sr-rich 
particles decorated on the surface after heat treatment using XPS. The amount of SrO, 
Sr(OH)2 and SrCO3 were obtained using the integrated area under corresponding peaks 
after peak-fitting of the spectra. 
 
  
14 
Electron microscopy, including scanning electron microscope (SEM) and transmission 
electron spectroscopy (TEM) have been extensively to study surface segregation. Oh and 
co-workers59 studied the precipitates formed on the surface of an LSCF disk after annealing 
at 800 °C for 50 hours by TEM (Figure 7a) and TEM-based energy dispersive x-ray (EDX) 
line scans (Figure 7b). They found the surface precipitates to be Sr-O compounds Atomic 
force microscopy (AFM) has also been used to study the topography of the surface 
evolution of cathode materials at the nanometer scale. Mutoro and co-workers64 used AFM 
to analyze the root means square (RMS) roughness of La0.8Sr0.2CoO3 thin films made by 
pulsed laser deposition (PLD) after they were decorated by SrO/Sr(OH)2/SrCO3 
compounds  on annealing. 
 
Figure 7. (a) TEM bright-field image of the cross section of precipitate and (b) EDS line 
scan of selected elements.59 
 
This research investigates Sr surface segregation phenomena in LSCF, to reveal the 
nature of Sr-rich phases on the surface (Chapter 4), the effects of Sr content and strain 
(Chapter 5) and the effect of atmospheric CO2 (Chapter 6) on the segregation phenomena 
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using state-of-the-art characterization techniques that are discussed in the following 
chapter.   
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2. Characterization techniques 
2.1 Synchrotron techniques 
2.1.1 Introduction  
When electrons moving at relativistic speeds are deflected by magnetic fields to follow the 
curved trajectories, they emit electromagnetic radiation known as synchrotron radiation. 
Synchrotron radiation is considered one of the most powerful sources to investigate the 
properties of matters.76 It offers a wide range of advantages over laboratory-based x-ray 
sources: high brightness/brilliance of the photon beam that can be 10 orders of magnitude 
brighter than x-rays produced by laboratory-based x-ray tubes, which is limited by the 
melting point of the target; tunable energy/wavelength of photon beam ranging from 
infrared up to the hard x-ray regime versus fixed characteristic x-ray energies from 
laboratory-based x-ray sources; tunable properties of synchrotron radiation versus 
properties that are difficult to manipulate in laboratory-based x-ray sources because they 
rely on atomic transitions. 
The schematic of a typical synchrotron radiation facility is shown in Figure 8. ‘Linear 
accelerators’ (Linacs) first generate the electrons and accelerate them until their energy 
reaches several millions (Mega) of electron volts (MeV). These electrons are then entered 
into a ‘booster ring’, which is a small synchrotron that boosts the electron energies from 
millions to billions (Giga) of electron volts (GeV) that matches the energy of main storage 
ring. At that point, the electrons are then transferred into the final circular accelerator or 
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main ‘storage ring’ as shown in Figure 8. The storage ring consists of evacuated circular 
pipes in which the electrons are bent to follow circular paths by magnets along the 
circumference (bending magnets). Bending magnets are not the only source of x-rays. 
Insertion devices can also generate x-rays from the straight sections of synchrotrons, such 
as wigglers and undulators, by ‘wiggling’ or ‘undulating’ the electrons. The schematics of 
a bending magnet and undulators/wigglers are shown in Figure 9. 
 
 
Figure 8. Schematic of Synchrotron Soleil at Paris, France. Copyright © EPSIM 3D/JF 
Santarelli, Synchrotron Soleil. 
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Figure 9. Schematics of a) bending magnet and b) undulators/wigglers in a synchrotron. 
 
After x-rays are produced in the synchrotron, beamlines collect the broad-spectrum, 
unfocused x-rays from the bending magnet and/or undulators/wigglers and deliver a 
monochromatic, focused x-ray beam to the work station (or sample), with specific x-ray 
energies, intensity, resolution, beam spot size, polarization, etc. Figure 10 shows a 
schematic of the optics for Beamline 10.0.0 of Advanced Light Source (ALS) at Lawrence 
Berkeley National Laboratory (LBNL), as an example. The beamline is operated under 
ultra-high vacuum (UHV) of < 4.0 × 10-11 torr. The diffraction gratings act as a 
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monochromator that selects the final energy delivered onto the sample. The translating exit 
slit cuts the unwanted wavelengths from the beam and sets the final resolution of the beam. 
It can also move the undulator energy to match beamline energy to achieve maximum flux. 
The x-ray mirrors serve to collimate or focus the beam onto the next optical element or the 
sample. The optics of the beamlines vary according to the application they are designed 
for. Synchrotron radiation provides a platform for experiments such as spectroscopy, 
diffraction, microscopy, time-resolved measurements, etc. 
 
Figure 10. Schematic of beamline optics for Beamline 10.0.0 of Advanced Light Source at 
Berkeley. 
 
2.1.2 Total Reflection X-ray Fluorescence (TXRF) 
TXRF is a surface-sensitive, non-destructive technique used for elemental analysis on 
surface of materials. TXRF is basically energy dispersive XRF spectroscopy, where the 
incident photon beam scans from a grazing incident angle below the critical angle towards 
increasing angles, while the detector collects the fluorescence signals. By measuring the 
integrated intensities of each X-ray emission line, which is proportional to their elemental 
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concentrations, it is possible to depth profile the concentration of all the elements of 
interest. Reflection is determined by the index of refraction in its complex form: 
  in 1  (4) 
where the real term δ represents the dispersion and the imaginary term β represents the 
attenuation in matter. In this equation, δ is dependent primarily on the density and β on the 
mass absorption coefficient of the medium and both are dependent on the wavelength of 
the incident beam.77 Total reflection occurs when X-rays are at grazing incidence. The 
glancing angle must be smaller than a critical value θc, which can be calculated using 
Snell’s law: 
 2c   (5) 
For a photon energy of 16305 eV (which is 200 eV above Sr K-edge), the critical angle for 
LSCF is about 0.17°. The penetration depth of x-rays is defined as the depth at which the 
intensity inside the medium is reduced to 1/e, which is approximately 0.3 of the intensity 
at the surface.78 This leads to the typical curve of the penetration depth, which is shown in 
Figure 11. At large x-ray incident angles, the x-ray beam penetrates deep into the sample 
and the detector gets signals from the surface as well as the bulk of the thin film. As the 
incident angle is reduced, the depth from which the signal is collected reduces. Below the 
critical angle θc, the x-ray beam is totally reflected and only the topmost nanometers (~10 
nm) of the thin film fluoresces.  
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Figure 11. X-ray penetration depth as a function of incident angle for LSCF at beam energy 
of 16305 eV. 
 
A schematic of the TXRF process and typical spectrum is shown in Figure 12. The X-ray 
spectrometer collects X-ray signals and generates the corresponding energy dispersive 
spectra. The elements of interest are ‘windowed’ by capturing their corresponding 
fluorescence lines with the optimal FWHMs and peak positions to maximize the counts 
while minimizing overlap with other lines. During TXRF experiments, the fluorescence 
signal of each element of interest within the sample can be counted individually as a 
function of incident angle of the X-ray beam, to obtain the concentration depth profiles of 
all the constituents.  
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Figure 12. Schematic of TXRF process and a typical spectrum. 
 
Synchrotron based total reflection x-ray fluorescence (TXRF) measurements were carried 
out at beamline X23A2 at the National Synchrotron Light Source-I (NSLS-I) at 
Brookhaven National Laboratory (BNL, Figure 13). The technique does not require ultra-
high vacuum as it uses hard X-rays, and thus allows in-situ high temperature studies of 
samples exposed to different atmospheres. The X23A2 beamline provides photons with 
energy ranges from 4.9 to 30 keV with a resolution of 2×10-4 (ΔE/E). The photon flux was 
calibrated at 1010 photons/second with monochromator bandpass at10 keV, 100 mA and 
2.5 GeV. The spot size of the beam was set at 25(H)×1(V) mm×mm. The beamline is also 
equipped with a Vortex four-element detector with a resolution of approximately 220 eV 
at 6 keV.79 TXRF experiments were carried out in the radiation hutch. A Huber goniometer 
was mounted onto the sample translation stage to vary the incident photon beam with 
respect to the surface of the sample. 
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Figure 13. TXRF setup at Beamline X23A2, NSLS-I at Brookhaven National Laboratory. 
 
2.1.3 Hard X-ray Photoelectron Spectroscopy (HAXPES) 
X-ray photoelectron spectroscopy (XPS, also known as electron spectroscopy for chemical 
analysis or ESCA) is a powerful surface-sensitive quantitative spectroscopic technique that 
probes the electronic structure, and the chemical and bonding environments at the surfaces 
of samples.80 XPS uses the photoelectric effect, where incident x-rays of energy hν collide 
with and eject electrons from the specimen. The emitted photoelectrons have a kinetic 
energy, Ek of: 
 
 K BE h E     (6) 
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where φ is the work function of the instrument and EB is the binding energy of the electron 
in the material (before it was emitted). The binding energy is specific to the binding 
environment of each atomic element and oxidation state.81 With hν and φ being known 
quantities, by measuring Ek, EB can be calculated. The advantage of HAXPES over lower 
energy XPS techniques in that the higher incident photon energies overcome surface 
contamination problems resulting in improved signals without having to heat the sample 
in vacuum. This technique is ideal for examining samples that are unstable under vacuum 
at elevated temperatures, such as LSCF.  
A schematic of the HAXPES process and a typical wide scan in kinetic energy is shown in 
Figure 14. The hemispherical analyzer filters the emitted photoelectrons from the sample 
by applying a voltage across an inner and outer hemisphere. There is a range of electron 
energies that can successfully travel from the entrance to the exit of the analyzer without 
undergoing a collision with one of the hemispheres. The magnitude of this electron energy 
range depends on the pass energy, the size of the entrance slits and the angle at which the 
electrons enter the analyzer. The analyzer counts the electrons once they have passed 
through it.82 The field across the hemispheres is varied (changed in a certain range) and a 
histogram of counts as a function of kinetic energy is obtained.  
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Figure 14. Schematic of HAXPES process and a typical wide scan (survey). Emitted 
photoelectron kinetic energies are measured using a hemispherical detector. 
 
Synchrotron based hard x-ray photoelectron spectroscopy (HAXPES) measurements were 
carried out at beamline X24A (Figure 15) at the National Synchrotron Light Source-I 
(NSLS-I) at Brookhaven National Laboratory (BNL). The X24A beamline provides 
multiple diffraction gratings and the energy of photons ranges from 1.8 to 8.2 keV. The 
flux was ~ 1012 photons/second and the spot size of the beam was ~1 mm in diameter. 
Beamline X24A is UHV compatible and shares ring vacuum.  
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Figure 15. HAXPES chamber at Beamline X24A, NSLS-I at Brookhaven National 
Laboratory. 
 
2.2 Scanning electron microscopy (SEM) and atomic force microscopy 
(AFM) 
A Zeiss Supra 55VP Field Emission Scanning Electron Microscope (FESEM) and a Bruker 
Dimension 3000 AFM were used to characterize the morphology of surfaces of samples 
(Figure 16). The SEM is equipped with an Everhart-Thornley secondary electron detector 
and an In-lens secondary electron detector that can be used for imaging. The AFM is 
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operated under a tapping mode, where the cantilever is oscillating in z-direction at its 
resonance frequency, where the frequency and amplitude of the driving signal are kept 
constant.  
 
 
Figure 16. Zeiss Supra 55VP FESEM (left) and Bruker Dimension 3000 AFM (right) at 
Boston University. 
 
2.3 Focused ion beam (FIB) 
In this study, an Omniprobe micromanipulator supported FIB lift-out technique was used 
for preparing site-specific cross-section specimens, that are electron-transparent for 
investigation using transmission electron microscope (TEM) and scanning transmission 
electron microscope (STEM) based energy dispersive x-ray spectroscopy (EDX). Such 
specimens could not be obtained using conventional TEM specimen preparation methods 
using low-speed sawing, machine polishing, dimple grinding and ion milling, because the 
surface precipitates of interest are usually nanosized and thus hard to locate and preserve.  
 
  
28 
An FEI Quanta 3D Field Emission Gun (FEG) FIB-SEM dual-column instrument was used 
for this purpose (Figure 17). The resolution is 1.2 nm in HiVac mode for SE column and 7 
nm with FIB column. The instrument is equipped with gas injector modules (GIS) and an 
Omniprobe micromanipulator for TEM specimen preparation and lift-out purposes.  
 
 
 
Figure 17. FEI Quanta 3D FEG FIB-SEM instrument at Boston University. 
 
The working principle of a FIB is shown in Figure 18, where gallium (Ga) ions are ‘boiled 
off’ from a sharp tungsten (W) needle and accelerated to an energy 1-50 keV and focused 
onto the sample by electromagnetic lenses.83 The Ga+ primary ion beam then hits and 
interacts with the surface of sample, which could result in direct sputtering to remove 
material, gas-assisted deposition of materials or gas-assisted etching of materials. 
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Secondary electrons are also produced during this process that can be used for imaging. If 
the sample is non-conductive, a low energy electron flood gun can be used for charge 
neutralization.  
 
 
Figure 18. Working principle of FIB. 
 
The FIB has been utilized for TEM specimen preparation for the past two decades,84 with 
well-established procedures for making site-specific TEM specimens.85–87 The detailed 
processes will be discussed in the next chapters. 
 
2.4 Transmission electron microscope (TEM) 
TEM is a microscopy technique where a beam of electrons passes through and interact with 
a thin specimen which is electron-transparent. An image is formed, magnified and focused 
onto an imaging device, normally a CCD camera. TEM offers a broad range of 
characterization techniques with very high spatial and analytical resolution.88 The TEM is 
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rapidly becoming the central tool for characterization of materials at a nanoscale due to its 
high resolution and related spectroscopy techniques. 
The resolution of a microscope (R) is defined as the minimum distance between two Airy 
disks that can be distinguished (Figure 19). The definition of R can be also used in defining 
of the resolution (δ) of a TEM by the following equation:  
 
0.61
2 sin
d 

 
   (7) 
Where λ is the wavelength of the radiation, µ is the index of refraction of the viewing 
medium, and β is the semi-angle of collection of the magnifying lens. Louis de Broglie’s 
equation shows that the wavelength of electrons is related to their energy, E. Ignoring 
relativistic effects, it can be approximately shown that:  
 
1/2
1.22
E
   (8) 
where E has the unit of electron volts (eV) and λ is in nm. Thus, for a 100 keV electron, λ 
~ 0.004 nm, which is much smaller than the diameter of an atom.89 
 
Figure 19. Intensity of two Airy disks.90 
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One powerful analytical technique available on the TEM is energy dispersive X-ray 
spectrometry (EDX), which uses a Si or Ge semiconductor detector to detect X-ray signals. 
In the TEM, EDXS can be carried out in a scanning transmission electron microscopy 
(STEM) mode, where a STEM image is collected first and spectrum (Figure 20) is then 
collected from a specific point or region. It is now possible to collect a spectrum at every 
pixel from a STEM image (hypermapping) and post-measurement analysis (composition 
from a point, profiles along a line or compositional mapping) can be carried out on the 
collected data. 
 
Figure 20. EDXS spectrum collected from a cross-sectional TEM specimen of a LSCF-
6428 thin film on a NdGaO3 substrate. 
 
TEM-related analyses were carried out using an FEI Technai Osiris TEM at Boston 
University (Figure 21). The instrument has a STEM system including the high-angle 
annular dark-field (HAADF) detector. It is equipped with an X-FEG electron source and a 
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Super-X windowless (shutter-protected) EDXS detector system based on silicon drift 
detector (SDD) technology that significantly increases the detection efficiency and 
sensitivity for low-energy EDXS counts. The instrument is also compatible with a double-
tilt high-visibility, low-background specimen holder that optimize the efficiency of EDXS 
system. The resolution in TEM mode is 0.25 nm (point) and 0.102 nm (line) and the 
resolution in STEM HAADF mode is 0.18 nm. It is also equipped with an electron energy 
loss spectrometer (EELS) and Gatan Orius CCD. 
 
Figure 21. FEI Tecnai Osiris 200 kV S/TEM facility at Boston University. 
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2.5 X-ray Diffraction (XRD) 
XRD is a very powerful technique that can be used for qualitative or quantitative phase 
analysis, and determination of crystallite size, structure, crystal orientation, lattice 
constants, etc.91–93 In crystals, Bragg’s law is used to describe the constructive interference 
of the X-rays based on scattering off arrays of atoms, as: 
 2 sind n   (9) 
where d is the spacing between the planes in crystal, θ is the incident angle of the x-rays 
with respect to surface of sample, and λ is the wavelength of the X-ray beam (Figure 22). 
In laboratory-based diffractometers, the X-ray wavelength λ is fixed.  
 
 
Figure 22. Bragg diffraction from a cubic crystal lattice. Figure by Hydrargyrum, 
distributed under a CC BY-SA 3.0 license. 
 
In high resolution X-ray diffraction (HRXRD), X-ray intensities are usually measured as a 
function of omega (ω) and/or 2theta (2θ). Figure 23 shows the geometry of an X-ray 
diffractometer, where omega is the incident angle of X-ray beam and is defined between 
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the X-ray source and the sample; 2theta is the diffracted angle and is defined between the 
incident beam and the detector angle. The diffraction vector s is the vector that bisects the 
angle between the incident and diffraction beams. A coupled omega-2theta scan gives a 
plot of X-ray intensity versus 2theta, but omega can be related to 2theta by: 
 1Omega 2Theta offset2
    (10) 
A symmetric scan is a coupled omega-2theta scan with offset=0° in Equation 10, where it 
examines the planes that are parallel to the surface of the sample. Asymmetric scans are 
coupled omega-2theta scans with a non-zero offset in Equation 10, where other planes that 
are not parallel to the surface of the sample are examined.  
 
 
Figure 23. Geometry of an X-ray diffractometer. Figure by Scott A. Speakman.  
 
In this study, the reciprocal space mapping (RSM) technique was used to study the strained 
heteroepitaxial thin films (lattice mismatch, lattice constants, etc.). RSM collects multiple 
omega-2theta coupled scans with a slightly different tilt (offset in Equation 10) of omega 
for each scan, resulting in a scanned area (blue area) that covers reciprocal points of both 
film and substrate in the reciprocal space (Figure 24). Each point represents a vector which 
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corresponding to a set of Bragg planes. Figure 24 shows an RSM measurement over 
NdGaO3 [4,4,-4] and LSCF [-2,0,4].  
 
Figure 24. Reciprocal lattice of 001-LSCF (red dots) on 110-NdGaO3 (black dots). 
 
All HRXRD measurements were carried out in a Bruker D8 Discover diffractometer 
(Figure 25). The D8 Discover is a high resolution wide angle X-ray scattering (WAXS) 
platform equipped with a range of detectors and optics allowing it to be configured for 
many types of experiments. The detectors include a 0-dimensional scintillation detector 
with Pathfinder variable optics, a 1-dimensional LynxEye position sensitive detector and a 
Vantec 500 area detector for 2 D diffraction. It uses a Cu X-ray tube as its source. The 
optics for the primary beam path include a 4-bounce monochromater coupled with a Goebel 
mirror for generating monochromatic parallel beam in line focus. The system is also 
equipped with various interchangeable slits, pinholes and collimators for a variety of modes 
of operation.  
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Figure 25. Bruker D8 Discover diffractometer at Boston University. 
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3. Thin film deposition and characterization 
Epitaxial thin films are used in the majority of this study rather than porous bulk materials 
which are used in real SOFCs, Thin films have simpler geometry and are more suitable for 
fundamental studies of surface-related phenomena. In this study, it is important to have 
thin films grown with atomically smooth surfaces, which allow for well-defined cathode 
surface/gas interfaces and are amiable for surface sensitive glancing-angled x-ray studies. 
Single crystal LSCF-6428, LSCF-7328 and LSCF-8228 thin films were deposited on 
lattice-matched single crystal substrates (NdGaO3, SrTiO3 and GdScO3) by PLD. 
 
3.1 Heteroepitaxial thin films 
3.1.1 Introduction to heteroepitaxy 
Deposition of a single crystal thin film on a on a single crystal substrate with lattice match 
involves heteroepitaxial deposition.94 At the interface, the atomic arrangement of the film 
and substrate should be closely matched. Typically, since the lattice of the film and 
substrate are not identical, the lattice of the thin film changes slightly in order to match the 
lattice of the substrate, leading to lattice strain. As shown in Figure 26, the lattice of the 
LSCF film (red) is nearly identical to that of the SrTiO3 (STO) substrate (blue) and the 
lattice of the epitaxial LSCF film changes to align with the STO substrate at the interface.  
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Figure 26. Lattices of (001)-LSCF thin film and (001)-SrTiO3 (STO) substrate at relaxed 
state and totally strained state, respectively. 
 
For heteroepitaxy, the film and substrate usually have similar or the same crystal structures 
and closely matched lattice parameters. For example, the LSCF film and SrTiO3 substrate 
used in this study both have cubic crystal structures with very similar lattice parameters 
leading to a (001)film || (001)substrate heteroepitaxy. However, as shown in Figure 27, the unit 
cells of LSCF (cubic) and NGO (orthorhombic) have very different crystal structures and 
lattice parameters.95 Here, the heteroepitaxy is (001)LSCF || (110)NGO (Figure 27), and every 
(110)NGO unit cell lines up with 2×2 (001)LSCF unit cells. The heteroepitaxy between LSCF 
and GdScO3 (GSO) is similar to the NGO case. 
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Figure 27. Unit cell of NGO (left) and LSCF-6428-(001) matches with NGO-(110) (right). 
 
3.1.2 Lattice strain 
If the film is mismatched to the substrate (Figure 26), to achieve heteroepitaxy below the 
critical thickness, the film has to be strained so that the lattice parameter in the lateral 
direction (in-plane) is forced to match with the substrate. In this study, the lattice mismatch 
is defined as follows: 
 In-plane lattice mismatch: 
||
||
f S
S
a aa
a a

     (11) 
 Out-of-plane lattice mismatch: 
f S
S
a aa
a a



     (12) 
where the parameters are defined in Figure 26. If the in-plane lattice parameters of the film 
are strained to be identical to the substrate, the film is considered to be fully strained to the 
substrate. If the lateral lattice parameter of the film is equal to its bulk value (not distorted), 
the films is considered to be fully relaxed. Usually, the strain in heteroepitaxial thin films 
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is in between these two limiting cases. Strain in one dimension can be defined as the 
deviation of the lattice parameter from its original value at fully relaxed state as a fraction 
of this original value, defined as: 
 
0
a
a


  (13) 
where Δa is the change in lattice parameter and a0 is the original lattice parameter at fully 
relaxed state. The overall strain in three dimensions in the thin film can be expressed as the 
change in volume of the unit cell as a fraction of its relaxed value: 
 
0
V
V


  (14) 
where ΔV is the change in volume and V0 is the original volume of the unit cell at fully 
relaxed LSCF unit cell. Unless otherwise specified Equation 14 is used for calculating the 
strain in the following chapters. 
 
3.1.3 Substrate selection 
Various commercially available single crystal substrates were used in this study to fully 
investigate the effect of strain on Sr surface segregation phenomena. The selection of 
substrates relies on a variety of factors. First, the lattice parameters of substrates (of a 
specific orientation) need to closely match with those of LSCF thin films. This factor is 
essential for growing high quality single-crystal thin films on the substrates. Also, the 
substrates have to impose different strains in the thin films, ranging from compressive to 
  
41 
tensile. Another requirement is that the x-ray emission lines of the substrates should not 
significantly interfere with the emission lines of the LSCF thin films. The substrates 
chosen for this study and their related information are tabulated in Table 1. 
 
Table 1. Single crystal substrates used in this study. 
Name  
Neodymium 
Gallium Oxide 
Strontium Titanium 
Oxide 
Gadolinium 
Scandium Oxide 
Formula  NdGaO3 SrTiO3 GdScO3 
Crystal 
structure 
 Orthorhombic Cubic Orthorhombic 
Lattice 
parameter 
(Å) 
a 5.428 3.905 5.488 
b 5.497 3.905 5.746 
c 7.708 3.905 7.934 
Orientation  (110) (001) (110) 
Strain of 
Films 
 
Compressive 
Relaxed 
(Slightly compressive) 
Tensile 
 
Suitable for 
X-ray  
Emission 
Studies (No 
Interference) 
 
  
 
Dimensions 
(L×W×H) 
mm3 
 
10×10×0.5 10×10×0.5 10×10×0.5 
 
Vendor  CrysTec MTI Corp. MTI Corp. 
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3.2 Pulsed laser deposition (PLD) 
Pulsed laser deposition is a physical vapor deposition technique, in which a pulsed laser 
beam is focused onto a target of the material being deposited, located in a chamber under 
vacuum. The materials from the target are then vaporized, creating a plasma plume and 
deposit as a thin film on the substrate. Background gases can be present during deposition, 
such as oxygen when depositing oxides to fully oxygenate the thin films. Figure 28 shows 
a schematic of a PLD setup. 
 
 
Figure 28. Schematic of a possible geometry in a pulsed laser deposition (PLD) system. 
Figure by Kai Wang, distributed under a CC BY-SA 3.0 license.96 
 
PLD deposition of LSCF thin films (Figure 29) were carried out at the Environmental 
Molecular Sciences Laboratory (EMSL) at Pacific Northwestern National Laboratory 
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(PNNL). The PLD system was customized and manufactured by PVD Products Inc. based 
on the PLD/MBE 2000TM and modified to include microwave plasma assistance and in-
situ film growth monitoring capabilities. The depositions were carried out with 4 Hz laser 
pulse rate, at an oxygen partial pressure of 10 millitorr, with the substrates heated to 550 
°C.  
 
 
Figure 29. PLD system at EMSL, PNNL. 
 
The LSCF powders for PLD targets were prepared by calcinating a mixture of powders 
including La2(CO3)3·xH2O, SrCO3, Co2O3 and Fe2O3 with certain stoichiometry 
corresponding to the target LSCF composition, at 1300°C for 4h in air. The powders were 
confirmed to be single phase by powder x-ray diffraction (Bruker D8 Focus, Figure 30). 
The PLD targets were prepared by uniaxially and then isostatically pressing the LSCF 
powders of the desired composition into disks (2” diameter, 5 mm thick). All discs were 
cleaned with deionized (DI) water before sintering at 1400°C for 4h in air. The post-
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sintered disk shaped PLD targets were polished with a series of SiC abrasive paper to a 1 
µm finish. 
 
Figure 30. Powder XRD result of LSCF powders (black: scan of LSCF powders, blue: 
theoretical peaks). 
 
3.3 Characterization of thin films. 
3.3.1 AFM 
The surface morphologies of the thin films were characterized by AFM. Figure 31 shows 
a 3-D AFM image of a 5×5 µm2 area of the surface of a typical as-deposited thin film. The 
root mean squared (RMS) surface roughness is 0.17 nm, measured using Nanoscope 
Analysis (Bruker, version 1.40), indicating a very smooth surface.  
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Figure 31. AFM image of as-deposited LSCF-6428 thin film. 
 
3.3.2 XRD 
Figure 32 shows a typical heteroepitaxy of (001)LSCF-6428 || (110)NGO, confirmed by XRD 
using coupled omega-2theta symmetrical scan, where the diffraction vector s (Figure 23) 
is parallel to the plane normal to (001)LSCF and (110)NGO. The result shows that there exists 
a small lattice mismatch between the film and substrate and the thin film is under tensile 
strain in the out-of-plane direction on NGO substrate. Detailed information from XRD 
results will be discussed in Chapter 5. 
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Figure 32. Coupled omega-2theta symmetrical scan of (001)LSCF-6428 thin film on (110)NGO.  
 
3.3.3 TEM 
A STEM HAADF image of the cross section of a typical LSCF-6428 sample is shown in 
Figure 33. It shows a clear interface between the film and the substrate and that the film 
was ~ 216.8 nm in thickness. The specimen was prepared using focused ion beam (FIB).  
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Figure 33. STEM HAADF image of cross-section of LSCF-6428 on NGO.  
 
A high-resolution TEM image and an electron diffraction pattern of the interface of LSCF-
6428 thin film and NGO substrate are shown in Figure 34. The figure confirms 
heteroepitaxial growth with the (001)LSCF || (110)NGO orientation relationship. No interfacial 
dislocations were observed, further confirming that the film thickness was below the 
critical thickness. 
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Figure 34. LSCF (001) on NGO (110). Left: HRTEM image. Right: electron diffraction 
pattern. 
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4. Nature of Sr-rich phases on LSCF surface 
4.1 Introduction 
LaxSr1-xCoyFe1-yO3-δ (LSCF) has been widely used as a cathode material for SOFCs due to 
its outstanding mixed ionic-electronic conductivity97–100, decent catalytic activities for 
oxygen reduction reaction33,101 and excellent thermal expansion coefficient (TEC) match 
with electrolyte, usually yttria-stabilized zirconia (YSZ) and/or gadolinia-doped ceria 
(GDC)19,102,103. However, LSCF suffers from long-term stability issues when operated at 
SOFC working temperatures (typically at 800-1000 °C)59,70,104 Segregation of Sr to the 
cathode surface and formation of secondary phases is one of the key degradation 
mechanisms in LSCF cathodes59,60,63,105. The formation of SrO and SrCO3 even with trace 
amount of CO2 present in the environment, has been observed in the present research (see 
Chapter 6). The composition and morphology of the surface phases is still not fully 
understood.  
In this study, an Omniprobe micromanipulator supported FIB lift-out technique was used 
to prepare site-specific, electron-transparent, cross-sectional specimen from a 
La0.7Sr0.3Co0.2Fe0.8O3-δ (LSCF-7328) thin film, for investigated using S/TEM based EDXS 
investigation. The chemical composition of surface precipitate was analyzed both 
qualitatively and quantitatively. The bulk LSCF-7328 sample had been previously 
annealed at 800 °C in a simulated anode exhaust gas environment containing CO2 to mimic 
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a possible scenario for SOFCs in operation, when the anode side gases leak into the cathode 
side.63,106   
 
4.2 Sample processing 
A stainless steel chamber capable of being heated up to 1000 °C was used for annealing 
the LSCF-7328 sample. Before annealing, the chamber was first flushed with a mixture of 
gases consisting of 30% CO2 – 21% O2 – 49% N2 for 15 min to yield 0.3 atm pCO2, 0.21 
atm pO2 and 0.49 atm pN2 of a total of 1 atm in the chamber. The sample was heated to 
800 °C from room temperature in 40 minutes and then kept heated at 800 °C for 9 hours. 
After annealing, the sample was quenched down to room temperature in the chamber, by 
abruptly turning off the power supply of heating element of chamber. The flow rate of the 
gas mixture was kept at 1L/min throughout the experiment. The surface morphology of 
post-annealed sample was characterized by both Bruker Dimension 3000 AFM and Zeiss 
Supra 55VP field emission scanning electron microscope. 
 
4.3 Characterization techniques 
4.3.1 HAXPES 
HAXPES measurements were carried out on LSCF-7328 sample both before and after 
annealing, using a hemispherical analyzer with a monochromatic incident photon energy 
of 3000 eV. The incident beam was set at 5 degrees relative to the surface of sample. The 
sample was kept in ultra-high vacuum (UHV) with chamber pressure less than 10-9 torr. 
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Binding energies were calibrated using the Ag 3d (Ag 3d5/2=368.27 eV) measured from a 
silver foil in electrical contact with the sample surface. Peak fitting was carried out using 
the XPSPeak peak fitting software package107, using a procedure reported by van der 
Heide108. A Shirley background was utilized and a 90% Gaussian/10% Lorentzian peak 
shape was assumed. The Sr 3d is a doublet due to spin-orbit splitting.109 The Sr 3d doublet 
separation was set at 1.7 eV and area ratio (3d5/2 : 3d3/2) was set at 1 : 0.66. The full width 
at half maximum (FWHM) values of Sr 3d peaks were set at 1 eV and 1.3 eV for bulk-
bound and surface-bound Sr atoms, respectively.  
 
4.3.2 TEM cross-section specimen preparation using FIB. 
TEM specimens were made using an Omniprobe micromanipulator assisted specimen lift-
out process in the FIB. Figure 35 shows the details of the process steps. A layer of carbon 
of ~150 nm in thickness was first deposited onto the region of interest to provide necessary 
contrast for TEM imaging. A ~150 nm thick layer of carbon was first deposited onto the 
region of interest to provide necessary contrast for TEM imaging. A ~3.5 µm thick layer 
of Pt was then deposited on the carbon layer to protect the region of interest from damage 
by the Ga beam during the subsequent ion-milling processes and to eliminate ‘curtain’ 
artifacts that can result in variations of specimen thickness (Figure 35b).110 The specimen 
was then trenched out and undercut from the bulk and transferred using an Omniprobe 
manipulator onto an Omniprobe lift-out grid or ‘half grid’ made of molybdenum (Figure 
35c-e). The specimen was finally thinned down to about 200 nm on the grid for 
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TEM/STEM analysis (Figure 35f). The acceleration voltage was 30 kV and current was 
varied from 30 nA to 0.1 nA. After FIB-preparation, the specimen was then seated onto a 
double-tilt TEM sample holder and transferred into a plasma cleaner (Fischione Model 
1020) for final cleaning before loading into the TEM.  
 
 
 
Figure 35. Process of making TEM cross-section specimen using FIB. (a) Area of interest. 
(b)  Pt bar was deposited to protect the area from being damaged by Ga beam. (c) Two 
trenches, bottom and sides were cut. (d) Specimen was lifted out using Omniprobe 
manipulator. (e) Specimen was seated on the Omniprobe lift-out grid for further thinning 
down. (f) Specimen was thinned down for TEM analysis.  
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4.3.3 TEM/STEM imaging and analysis 
Detailed microstructure characterization was carried out in an FEI Tecnai Osiris 200kV 
S/TEM. The chemical composition and elemental mapping analysis of the region of interest 
were performed in STEM mode with EDXS using a windowless Si-drift detector (SDD). 
The EDXS data and spectra were collected and analyzed using Esprit (Bruker Esprit 1.9). 
To analyze EDXS spectra, the x-ray emission lines were chosen so that the counts per 
second (cps) of photons were maximized and that the overlapping of x-ray emission lines 
from different element was avoided (Table 2). The Pt (deposited during FIB preparation), 
Cu (from TEM holder) and Mo (from specimen grid) lines in Table 2 were used only for 
deconvolution of overlapping X-ray emission lines and were therefore not involved in the 
quantification process.  
 
Table 2. X-ray emission lines used in EDS quantification.111 
Element Atomic No. X-ray lines Energy (eV) Purpose 
La 57 Lα1 4.6510 
Quantification 
Sr 38 Kα1 14.1650 
Co 27 Kα1 6.9303 
Fe 26 Kα1 6.4038 
O 8 Kα1 0.5249 
C 6 Kα1 0.2770 
Nd 60 Lα1 5.2304 
Ga 31 Lα1 1.0979 
Pt 78 Lα1 9.4423 
Deconvolution Cu 29 Kα1 8.0478 
Mo 42 Lα1 2.2932 
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4.4 Results and discussions 
The sample surface of LSCF-7328 was characterized using AFM both before and after 
annealing. Figure 36a is an AFM 3D image of the surface of LSCF-7328 before annealing 
showing 5×5 µm2 in area and -150 to 150 nm range in depth. The figure shows a smooth 
surface with an RMS roughness of 0.16 nm, analyzed using Bruker NanoScope Analysis 
(V1.40) software. Figure 36b is the AFM 3D image of the post-annealed sample surface 
with the same area and depth scale. Figure 36c is a low magnification SEM image showing 
surface morphology of the post-annealed LSCF-7328 sample. The images show that 
micron sized secondary phases were formed after annealing, in shapes of triangles, 
polygons and bars that were ~100 nm in height. Also, the surface of LSCF-7328 was 
roughened after annealing (Figure 36b and c).  
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Figure 36. AFM 3D images of a) as-deposited and b) post-annealed sample surface of 
LSCF-7328 and c) SEM image of sample surface of post-annealed LSCF-7328. 
 
Figure 37 shows the Sr 3d core level spectra of as-deposited and post-annealed LSCF-7328 
and corresponding peak fittings. The spectra was fitted into a bulk-bound doublet (lower 
BEs with Sr 3d5/2=131.7 eV) and two surface-bound doublets (higher BEs) of surface SrO 
(Sr 3d5/2=133.0 eV) and surface SrCO3 (Sr 3d5/2=133.9 eV).
108 The surface SrO and SrCO3 
contributions in the as-deposited sample are attributed to reactions occurring during film 
growth. The fractional areas of Sr components are tabulated in Table 3. The surface Sr 
components increased and bulk Sr components decreased after annealing, indicating the 
formation of SrO and SrCO3 on the sample surface. Also, surface SrCO3 increased a 
significant amount compared to surface SrO, resulting in a larger proportion of SrCO3 
detected on the surface of post-annealed LSCF-7328 sample (Table 3).  
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Table 3. Fractional areas of Sr 3d5/2 peaks for bulk, surface SrO and SrCO3 components. 
(unit: %) 
 Bulk Surface SrO Surface SrCO3 
As-deposited 79.8 9.4 10.8 
Post-annealed 55.3 12.1 32.6 
 
 
Figure 37. HAXPES Sr 3d core level spectra of LSCF-7328 sample before and after 
annealing. The spectra were deconvoluted into a combination of bulk perovskite (Sr2+ in 
LSCF lattice), surface SrO and surface SrCO3 phases. 
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Figure 38 shows a STEM high-angle annular dark-field (HAADF) image of the FIB-
prepared TEM specimen, revealing the cross section of a surface precipitate with different 
layers marked. The image shows that LSCF-7328 film is ~210 nm in thickness and the 
precipitate is ~650 nm in length and up to ~117 nm in height. 
 
 
Figure 38. STEM HAADF image of the cross-section specimen revealing one elongated 
precipitate on surface of the film with different regions marked: (1) Pt protective layer, (2) 
carbon layer, (3) the elongated precipitate, (4) LSCF-7328 thin film and (5) NGO substrate. 
The two sets of dashed lines show the areas where EDS line scans were performed. 
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The quantitative elemental distribution of the region was investigated using STEM-based 
EDXS mapping. Figure 39a shows the STEM HAADF image of the region where EDXS 
mapping was performed. The black spot on the precipitate was created by beam damage. 
Figure 39b-i show the quantitative EDXS mapping results of La, Sr, Co, Fe, O, C, Nd and 
Ga, respectively, with colors representing different atomic percentage. The color scale has 
been adjusted for La, Sr, Co and Fe such that the 0-100% scale corresponds to 0-20% 
atomic percentage (otherwise their mapping results would appear much darker due to their 
relatively low concentration compared with other existing elements in the specimen). The 
carbon layer, precipitate, LSCF thin film and NGO substrate can be easily distinguished 
from the EDXS maps.  
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Figure 39. (a) STEM HAADF image of the precipitate region. (b) through (i) are 
quantitative elemental maps (in atomic percentage) acquired from the same region of (a) 
using STEM-based EDS mapping.  
 
The mapping results (Figure 39c and f) show that the precipitate region is rich in Sr and O, 
indicating the presence of a Sr-O compound. EDXS quantifications were conducted at 
locations 3 to 5 in Figure 38 and results are summarized in Table 4. The EDXS 
quantification at location 3 within the precipitate region shows a roughly 1:1 ratio of Sr to 
O in atomic percentage (Table 4), indicating the Sr-O compound is SrO, which agrees with 
our previous HAXPES results from an LSCF-6428 sample.63 The EDXS quantification 
results at locations 4 and 5 in Figure 38 show that the measured compositions of LSCF thin 
film and substrate agrees fairly well with the theoretical compositions (Table 4). In 
addition, Sr mapping result (Figure 39c) shows that there is a slight Sr depletion within the 
LSCF thin film layer at two edges near the interface of precipitate/LSCF thin film, 
indicating that the Sr contributing to SrO in the precipitate might be diffused from the 
LSCF lattice in the sub-surface region. Similar results have been reported by Oh et al., 
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where they have observed a decrease of Sr intensity within the subsurface region below a 
Sr- and O- enriched surface precipitate from a dense LSCF-6428 sample.59 They explained 
the formation of SrO by a two-step mechanism involving the formation of oxygen 
vacancies and the subsequent precipitation of enriched Sr.  
 
Table 4. EDS quantification results at various locations. 
 
Interestingly, the triangular shaped features adjacent to the SrO precipitates due surface 
roughening was found to be rich in Co (Figure 39d), indicating the possible formation of 
Co-rich phases. This is not likely to be elemental Co due to lack of a strong reducing agent 
 
Precipitate (position 3 in 
Figure 38) 
 
Film (position 4 in  
Figure 38) 
 
Substrate (position 5 in 
Figure 38) 
 
Measured 
(AT %) 
Theory 
(AT %) 
Error 
(%) 
 
Measured 
(AT %) 
Theory 
(AT %) 
Error 
(%) 
 
Measured 
(AT %) 
Theory 
(AT %) 
Error 
(%) 
La 0.9 
N/A 
 13.5 14.0 -3.3  0.1 0.0 
N/A 
Sr 45.7  5.7 6.0 -4.4  0.1 0.0 
Co 0.3  3.8 4.0 -6.1  0.0 0.0 
Fe 1.0  15.4 16.0 -3.9  0.4 0.0 
O 47.8  57.9 60.0 -3.4  59.5 60.0 -0.9 
C 2.8  2.2 0.0 
N/A 
 2.0 0.0 N/A 
Nd 0.5  0.8 0.0  19.0 20.0 -5.1 
Ga 1.0  0.6 0.0  19.0 20.0 -5.0 
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needed to reduce Co cations (2+, 3+ or 4+) into elemental Co. It is not likely to be part of 
LSCF lattice either due to the relative absence of La, Sr and Fe in the region. So the ‘surface 
roughness’ might be related to Co-rich oxide or carbonate. The low concentration of O 
indicated by O mapping (Figure 5f) within the Co-rich ‘surface roughness’ region is not 
surprising, because it is known that EDS is not optimized for quantification of light 
elements (Z<8) due to their low x-ray emission energies, especially from a small region.89 
B-site Co migration and related phase formation have been reported previously. Chang et 
al. showed that in LSCF-6428, B-site Co segregates uniformly to the sample surface at 
elevated temperatures indicating a dynamic nature of Co migration in LSCF under certain 
SOFC working conditions.112 Similarly, Lai et al. investigated LSCF thin film exposed to 
air containing H2O and CO2 under SOFC operating conditions by x-ray spectroscopy 
techniques.113 They have observed a new Co-containing phase which is presumed to be 
Co3O4 resulting from the decomposition of CoCO3.  
The HAXPES results also indicate the presence of SrCO3 on the post-annealed sample 
surface.63 The carbon mapping result did show significant carbon at the surface region of 
the precipitate (Figure 39g). However, this can also be simply ascribed to the beam 
broadening effect from the deposited C layer during FIB-based sample preparation.   
In order to eliminate the effect of beam broadening, STEM-based EDS line scans were 
performed at two regions: i) across the precipitate region, (arrow A in Figure 38) 
perpendicular to the interface of precipitate/carbon layer, and ii) across a non-precipitate 
region (arrow B in Figure 38), perpendicular to the interface of film/carbon layer, resulting 
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in two different carbon profiles plotted as atomic percentage versus distance (Figure 38). 
To minimize the statistical error, the data points contributing to the carbon profiles in 
dashed lines in Figure 5 were obtained by averaging the atomic percentage of carbon in 
every pixel on the line segments perpendicular to the direction of arrows within the dashed 
boxes. The carbon profile across the non-precipitate region was then shifted along the x-
axis such that the point on the carbon profile of arrow B representing the interface of LSCF-
7328 film/carbon is aligned with that of arrow A representing the precipitate/carbon 
interface (red and blue dashed lines in Figure 40). The subtraction of shifted line B from 
line A gives the actual carbon profile, free of beam broadening effects, and is shown by the 
solid black line in Figure 40. For easier interpretation of data, the profiles are overlaid with 
the STEM HAADF image of the precipitate region where the line scan was conducted. 
Consequently, the enrichment of carbon at the outer surface of precipitate is confirmed, 
indicating the presence of SrCO3 in the outer layer of the precipitate in addition to SrO as 
shown in Figure 41. The fact that based on the EDX analysis, the volume of SrO appears 
to me more than that of SrCO3 in the precipitate does not necessarily negate the HAXPES 
results which suggests the opposite. Because the photoelectron escape depth is calculated 
to be < 10 nm at 3000 eV incident photon energy for LSCF-7328, HAXPES is mainly 
probing the outer of the precipitate, or the SrCO3 layer in this case. The mechanism of 
formation of SrCO3 will be discussed in Chapter 6.
63 
  
63 
 
Figure 40. Carbon profiles obtained by EDS line scans across precipitate region (blue 
dashed line) and across non-precipitate region (red dashed line). The black solid line 
represents the actual carbon profile across the precipitate region.  
 
 
Figure 41. Schematic of precipitate formation with SrO and SrCO3 on the surface of LSCF-
7328 after annealing. 
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4.5 Conclusions 
The chemical composition of surface precipitates on LSCF-7328 film was investigated and 
quantified using HAXPES and STEM-based EDXS. Upon annealing at 800 °C under 
atmospheric pressure consisting of 0.3 atm pCO2, 0.21 atm pO2 and 0.49 atm pN2, the 
LSCF-7328 film surface develops large precipitates of various shapes as well as ‘surface 
roughness’ at a smaller scale. The presence of SrO and SrCO3 in the large surface 
precipitates was confirmed through a combination of EDXS quantitative mapping and line 
scans over the cross-section of the precipitate region, including the removal of the beam 
broadening effects. The ‘surface roughness’ on LSCF-7328 film was found to be due to 
Co-rich phases. To the best of our knowledge, this is the first observation of Co-rich surface 
phases in LSCF by analytical electron microscopy. The formation of Co-rich phases is 
possibly a result of the formation of Sr-rich precipitates.  
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5. Effects of composition and strain on 
Sr surface segregation in LSCF 
5.1 Introduction  
Lanthanum strontium cobalt ferrite, denoted as La1-xSrxCo1-yFeyO3-δ or LSCF, has been 
extensively investigated in the past decades as the cathode material for SOFCs operated at 
intermediate temperatures.97,114–117 Its crystal structure, thermal expansion coefficient, 
oxygen stoichiometry and electrical conductivity could be altered by varying x and y 
values.118 La1-xSrxCo0.2Fe0.8O3-δ with x=0.4, 0.3 and 0.2 and y=0.8 are commonly used 
compositions for LSCF that leads an electrical conductivity of ~200 S/cm and sufficient 
concentration of oxygen vacancies for intermediate-temperature operation of the 
SOFCs.119 Despite its outstanding mixed ionic and electronic conductivity98, decent 
catalytic activities for oxygen reduction reaction (ORR)101 and excellent CTE match with 
electrolyte materials,19 LSCF suffers from long-term stability issues. 
The formation of secondary phases including SrO and SrCO3 as a result of Sr surface 
segregation has been observed on LSCF when exposed at SOFC operation 
temperatures.59,60,63,120 This Sr surface segregation phenomena is considered to be one of 
the main cathode degradation mechanisms in SOFCs.70 This phenomena has been 
previously studied as a function of temperature121, oxygen partial pressure122, gas 
composition63,123,124 and surface modification125,126. The present work studies the effect of 
Sr content by varying the ‘x’ values at 0.4, 0.3, and 0.2, as well as strain by depositing 
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heteroepitaxial LSCF thin films on substrates with different lattice match, on the Sr surface 
segregation phenomena. 
 
5.2 Sample processing 
(001)-oriented LSCF films with thicknesses of ~210 nm were deposited onto (110)- 
NdGaO3 (NGO), (001)-SrTiO3 (STO) and (110)-GdScO3 (GSO) single-crystal substrates 
using PLD. The substrates had dimensions of 10 mm×10 mm×0.5 mm. The films were 
deposited with 4 Hz laser repetition rate, under 10 mTorr O2 partial pressure with substrates 
kept at 550 °C. The LSCF powders used for making PLD targets were prepared by 
calcining a mixture of the corresponding precursor powders that yield LSCF with Sr 
content ranging from 40% to 20%, confirmed by XRD and EDXS. The heteroepitaxy of 
(001) LSCF thin films on NGO, STO and GSO was confirmed by XRD using θ-2θ 
symmetric scans and the surface of the as-deposited film, characterized by AFM, showed 
a surface roughness of ~0.7 nm. 
A stainless steel chamber capable of being heated to 1000 °C was used for annealing the 
LSCF thin film samples. The samples were heated to 800 °C in air from room temperature 
in 40 min, and then held at temperature for 10 hours. After annealing, the samples were 
cooled down rapidly to room temperature in the chamber, by turning off the power supply 
of heating element of chamber. The surface morphology of post-annealed sample was 
characterized by AFM and SEM.  
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5.3 Characterization techniques 
5.3.1 TXRF 
Total reflection x-ray fluorescence (TXRF) measurements were carried out at X23A2 
beamline at National Synchrotron Light Source-I (NSLS-I) at Brookhaven National 
Laboratory (BNL). TXRF is a surface-sensitive, non-destructive technique used for 
elemental analysis on surface of materials. TXRF is basically energy dispersive XRF 
spectroscopy, where the incident photon beam scans from a grazing incident angle below 
the critical angle towards increasing angles, while the detector collects the fluorescence 
signals resulting in depth profiling of all the elements. The X23A2 beamline is equipped 
with a Vortex four-element SDD detector with a resolution of approximately 200 eV at 6 
keV.79 The four-element detector enables simultaneously monitoring of La, Sr, Co and Fe 
signals. 
 
5.3.2 HAXPES 
Hard x-ray photoelectron spectroscopy (HAXPES) measurements were carried out on 
LSCF thin films both before and after annealing at beamline X24A at the NSLS-I of BNL. 
HAXPES was performed using a hemispherical analyzer with a monochromatic incident 
photon energy of 3000 eV. The incident beam was set at 5 degrees relative to the surface 
of sample. The samples were kept in ultra-high vacuum (UHV), with the chamber pressure 
less than 10-9 torr. Binding energies were calibrated using the binding energy of Ag 3d 
electron (Ag 3d5/2=368.27 eV) measured from a silver foil in electrical contact with the 
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sample surface. Peak fitting was carried out using the XPSPeak peak fitting software 
package107, based on work reported by van der Heide108. A Shirley background was utilized 
and a convolution of Gaussian and Lorentzian function was assumed for the peak shape. 
The Sr 3d is a doublet due to spin-orbit spliting109. The Sr 3d doublet separation was set at 
1.7 eV and the area ratio (3d5/2 : 3d3/2) was set at 1 : 0.66. The full width at half maximum 
(FWHM) values of Sr 3d peaks were 1 eV and 1.4 eV for bulk-bound and surface-bound 
Sr, respectively.  
 
5.3.3 AFM 
Atomic force microscope was performed to characterize the surface morphology of post-
annealed LSCF samples. The surface coverage ratio of secondary phases was quantified 
using ImageJ software. 
 
5.3.4 RSM (HRXRD) 
Reciprocal space mapping (RSM) was performed to characterize the strain state and to 
calculate the in-plain and out-of-plane lattice constants of the LSCF films on different 
substrates. RSM was performed at room temperature in air using a high resolution Bruker 
D8 Discover diffractometer, equipped with a Goebel mirror, a four-bounce Ge (022) 
monochromator and a scintillation detector with pathfinder variable slits. The detector 
opening and pathfinder slit were set at 1 mm and a 0.2 mm slit was used on primary beam 
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side. The X-rays tube was ramped up to full power (1600 W) during all measurements. Cu 
Kα radiation (λ=1.5406 Å) was used for the HRXRD studies.   
 
5.4 Results and Discussions 
For TXRF measurements, the incident photon energy was set at 16305 eV which is 200 eV 
above Sr K-edge.127 Figure 42 shows the energy dispersive spectra for LSCF thin film on 
NGO substrate for TXRF experiments. During TXRF experiments, the fluorescence signal 
of each of the four elements in LSCF was counted individually as a function of incident 
angle of x-ray beam. The fluorescence lines were selected with the optimal FWHMs and 
positions of the peaks so that the counts were maximized and the overlaps with other lines 
were minimized (Figure 42). Figure 43a shows a typical raw data set of intensity versus 
incident angle for Sr and La. Figure 43b shows the angle-depth conversion calculated for 
LSCF thin films with an incident photon energy of 16305 eV. The critical angle for LSCF 
thin films was calculated to be 0.17°.  
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Figure 42. Energy dispersive spectra of LSCF thin film on NGO substrate. 
 
The intensity, Ii(γ), of the fluorescence signal of component i (i being La, Sr, Co or Fe) is 
a function of the incident angle γ, and is proportional to the concentration of the component 
i, Ni(γ), giving:  
  (15) 
Defining the proportionality constants for Sr and La as α and β, gives: 
  (16) 
  (17) 
At any x-ray beam incident angle, the Sr/(Sr+La) (Sr to A-site) ratio, RSr/(Sr+La), can then be 
calculated from the measured intensities, ISr and ILa, as: 
 
 
(18) 
where C is a constant defined as: 
Ni(g )µ Ii(g )
NSr =a × ISr
NLa = b × ILa
RSr/(Sr+La) =
NSr
NSr +NLa
=
ISr
ISr +C × ILa
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(19) 
The constant C can now be expressed in terms of ISr, ILa and RSr/(Sr+La) as:  
 
 
(20) 
For La1-xSrxCo0.2Fe0.8O3-δ, RSr/(Sr+La) = x (x=0.4, 0.3 and 0.2 for the three compositions) in 
the bulk. With increasing incident angle of x-ray beam the La and Sr signals asymptotically 
reach the bulk value (Figure 43a) as the surface contribution gets to be vanishingly small 
with increasing depth from which information is collected (Figure 43b). Using these bulk 
intensities, and the value of RSr/(Sr+La) in the bulk, C can be calculated using Eq. 20. 
Knowing the value of C and the measured intensities, ISr, ILa and RSr/(Sr+La) can then be 
plotted for all angles using Eq. 18.  
 
Figure 43. a) Typical TXRF raw data for LSCF thin films showing Sr and La profiles. The 
dashed line marks the position of the critical angle and b) x-ray penetration depth as a 
function of incident angle for LSCF at beam energy of 16305 eV. 
 
C =
b
a
C =
ISr (1-RSr/(Sr+La) )
RSr/(Sr+La)ILa
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Figure 44a shows the processed data from TXRF measurements for LSCF thin films with 
x=0.4, 0.3 and 0.2, plotted as Sr/(Sr+La) ratio versus the x-ray beam incident angle. The 
profiles for each composition include measurements taken both before annealing (as-
deposited) and after annealing (post-annealed), represented by blue and red lines, 
respectively. Starting from the right of the critical angle position marked by the black 
dashed line in Figure 44a, moving towards lower angles to the left gives the profile of 
Sr/(Sr+La) ratio going from bulk towards the surface of thin film. The Sr surface 
segregation as a result of annealing is seen by comparing the as-deposited and post-
annealed profiles for each composition. Figure 44a shows that in all 3 compositions, Sr 
segregates to the surface of LSCF thin films after annealing, that the Sr/(Sr+La) ratios 
increased and exceeded the bulk value in the surface regions. Figure 44a was then replotted 
as Sr/(Sr+La) ratio versus x-ray beam penetration depth (Figure 44b) according to the 
relationship shown in Figure 43b. It is interesting to note that there is a slight Sr deficiency 
existing in the very top of the surface of the film for as-deposited profile of each of the 
three compositions (Figure 44b). The areas under curves as well as the shaded areas are 
tabulated in Table 5. The results show that the shaded area decreases and then increases 
going from LSCF-6428 to LSCF-7328 to LSCF-8228. 
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Figure 44. Processed TXRF data for LSCF-6428, 7328 and 8228, before and after 
annealing, plotted as a) Sr/(Sr+La) ratio versus x-ray beam incident angle, as well as b) 
Sr/(Sr+La) ratio versus x-ray beam penetration depth in a logarithm scale. 
 
Table 5. Areas under curves for TXRF ratio vs. depth profiles. Unit: [a.u.] 
 As-deposited Post-annealed Shaded area 
6428 11.3 20.4 9.1 
7328 8.6 11.0 2.4 
8228 5.4 9.5 4.0 
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The surfaces of post-annealed samples were characterized using AFM (Figure 45 left). 
The formation of secondary phases was found on the surfaces of post-annealed samples 
for all 3 compositions. The surface coverages of the secondary phases were quantified 
using ImageJ128 (Figure 45 right). The results are tabulated in Table 6, showing the 
surface coverage (in area %) of secondary phases decreased from LSCF-6428 to LSCF-
7328, then increased from LSCF-7328 to LSCF-8228. Thus, the trend of the effect of 
bulk Sr content in the thin film on surface coverage of secondary phases agrees with the 
trend in the surface Sr segregation measured by TXRF.  
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Figure 45. AFM images (2 x 2 µm2) and corresponding ImageJ analysis of surface 
coverage on post-annealed (a) LSCF-6428, (b) LSCF-7328 and (c) LSCF-8228 samples. 
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Table 6. Surface coverage analysis of post-annealed surfaces  
of LSCF on NGO samples using ImageJ. 
 
 
Total Area 
[um2] 
Average Size 
[um2] 
Area 
% 
LSCF-6428 1.152 0.002 28.8 
LSCF-7328 0.62 0.002 15.5 
LSCF-8228 0.764 0.002 19.1 
 
 
The bonding environments at the surface of the LSCF thin films were examined using 
HAXPES. Figure 46 shows the HAXPES survey scans obtained from a LSCF-6428 surface 
before and after annealing, using a photon energy of 3000 eV. Core-level peaks related to 
different elements are marked in the figure. From the Sr peaks, shown at a higher 
magnification in Figure 46, it is found that the Sr 3d spectra showed a clear change after 
annealing.  Fine scans of spectra and corresponding fittings of Sr 3d regions of both as-
deposited and post-annealed LSCF-6428, 7328 and 8228 films are shown in Figure 47. A 
Shirley background was applied and a combination of Gaussian-Lorentzian shape was used 
to model the components of the spectra. The spectra are fitted into a bulk-bound (LSCF 
lattice) doublet, two surface-bound doublets representing surface oxide and surface 
carbonate species, respectively. The Sr 3d5/2 peak at binding energy of 131.7 eV can be 
identified as Sr in the bulk perovskite phase.  
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Figure 46. HAXPES survey scans taken at photon beam energy of 3000 eV from the as-
deposited as well as post-annealed sample surfaces. The Sr 3d spectra are shown at a higher 
magnification. 
  
 
 
Figure 47. Sr 3d core level spectra and the peak fittings for as-deposited and post-annealed 
samples of a) LSCF-6428, b) LSCF-7328 and c) LSCF-8228 on NGO substrates.  
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To understand the evolution of each component of the Sr 3d core level spectra after 
annealing, it is useful to examine the fractional area (area under individual peak/total area) 
of each component using the fitting results of the spectra. The excess amount of each 
species after annealing is tabulated in Table 7 calculated using fractional areas of the 
corresponding fittings. The results are plotted in Figure 48. The figure shows that the 
fractional area under the Sr surface related peak over and above the as-deposited case 
(termed ‘excess surface’ in the figure) decreased from LSCF-6428 to LSCF-7328, then 
then increased from LSCF-7328 to LSCF-8228. This trend agrees with the TXRF and AFM 
results. The Sr carbonate peak areas above the as-deposited cases (termed ‘excess 
carbonate’) also show a similar trend (LSCF-7328 has the lowest value). This trend, 
however, is reversed for the excess SrO (excess oxide in the figure) peaks, with LSCF-
7328 having the highest value. This trend can be explained by the nature of Sr-rich phases 
on the LSCF surface, as discussed in Chapter 4. The surface phases were found to be SrO 
covered with a capping layer of SrCO3. It is possible that the thickness of the capping layer 
of SrCO3 varies with Sr content, that it becomes thinner for LSCF-7328. Since HAXPES 
is a surface sensitive technique that probes the top few nanometers of the sample 
determined by the mean free path of the escaped electrons, a thinner capping layer of SrCO3 
in LSCF-7328 could explain a higher oxide signal.  
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Table 7. Excess amount of various Sr components after annealing for LSCF samples. 
(unit: %) 
 LSCF-6428 LSCF-7328 LSCF-8228 
Bulk -31.5 -17.3 -20.6 
Surface SrO 8.7 10.6 -0.3 
Surface SrCO3 22.8 6.7 20.9 
Total surface phases 
(SrO + SrCO3) 
31.5 17.3 20.6 
 
 
Figure 48. Excess amounts (fractional area differences between the annealed and as-
deposited cases) of various species extracted from Sr 3d core level fittings.   
 
Figure 49 shows the results obtained by analyzing the O 1s HAXPES core level spectra of 
LSCF-6428 thin film before (as-deposited) and after (post-annealed) annealing. Multi-peak 
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fitting analysis was applied to decompose the spectra into its constituent components. A 
Shirley background was applied and a combination of Gaussian- Lorentzian shape was 
used to model the components of the spectra. The O 1s spectra were fitted into five 
components that were assigned to bulk oxygen in perovskite (528.5 eV), surface Sr-O 
(529.8 eV), surface B-O (where B is Co or Fe) (531.0 eV), surface CO3
2- (532.0 eV) and 
surface O-O sites (533.2 eV), respectively.108 It was found that upon annealing, the relative 
intensities of both Sr-O and CO3
2- increased, indicating the formation of SrO and SrCO3. 
These results are consistent with the Sr 3d spectra analysis. The CO3
2- and Sr-O 
contributions in the as-deposited samples indicates that some level of segregation and 
phase formation may start right during film growth.  
 
Figure 49. Peak-fitted O 1s core level spectra from both as-deposited and post-annealed 
LSCF-6428 thin film on NGO substrate. 
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The spectra and corresponding fittings of La 3d, core level spectra is shown in Figure 50. 
The spectra were fitted into two bulk-bound doublets and two surface bound doublets.129 
No changes were observed in either species after annealing, indicating that surface and 
bulk La is stable at elevated temperatures. 
 
Figure 50. Peak-fitted La 3d core level spectra from both as-deposited and post-annealed 
LSCF-6428 thin film on NGO substrate.  
 
The spectra of C 1s region taken from the surface of the LSCF-6428 sample before and 
after annealing are shown in Figure 51. The peak area corresponding to carbonate 
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contribution increased after annealing, indicating the formation of carbonate phases on the 
surface, which is consistent with Sr 3d and O 1s results. 
 
 
Figure 51. C 1s core level spectra from both as-deposited and post-annealed LSCF-6428 
thin film on NGO substrate. 
 
No obvious changes were observed in Co and Fe 2p core level spectra for LSCF-6428 
sample before and after annealing (Figure 52 and Figure 53), indicating the relatively stable 
nature of B-site species in LCSF-6428. 
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Figure 52. Co 2p core level spectra from both as-deposited and post-annealed LSCF-6428 
thin film on NGO substrate. 
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Figure 53. Fe 2p core level spectra from both as-deposited and post-annealed LSCF-6428 
thin film on NGO substrate. 
 
 
So far, the characterization results from TXRF, HAXPES and AFM have shown the same 
trend, i.e., the Sr concentration or amount of Sr-rich phases on the surface reduces when 
the Sr content is reduced from 40% to 30%, but then increases on further lowering the Sr 
content to 20%. The excess amount of Sr/fractional areas under the peaks related to Sr-
containing phases analyzed using the different techniques described above, are all shown 
in the same plot (Figure 54), The figure shows excellent quantitative agreement between 
the three techniques used. 
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Figure 54. Comparison of excess amounts of Sr on the surfaces of LSCF samples of 
different composition after annealing, measured by different techniques.  
 
The effect of Sr content in LSCF is not be the only factor affecting the Sr surface 
segregation, because of the non-monotonic relationship between the extent of surface 
segregation and the Sr content of the film. Another possible effect is the lattice strain 
present within LSCF thin films exerted by the underlying substrates. To understand the 
effects of strain, LSCF films of the same composition were grown heteroepitaxially on 
substrates with different lattice parameters. 
LSCF-6428 (with 40% Sr on A-site) thin films were grown on single crystal NGO, STO 
and GSO substrates, leading to in plane compressive, relaxed and tensile strains in the thin 
films, respectively (see Table 1). The films were annealed in air at 800 °C for 10 hours. 
The surfaces of post-annealed samples were characterized by AFM (Figure 55 left). The 
formation of secondary phases was found on the surfaces of post-annealed LSCF-6428 
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samples for all 3 substrates. The surface coverages of the secondary phases were quantified 
using ImageJ (Figure 55 right). The results are tabulated in Table 8, showing the surface 
coverage ratio of secondary phases increased with increasing in-plane strain (with 
compressive strain being negative and tensile strain being positive). The results showed 
that strain plays an important role in Sr surface segregation.  
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Figure 55. AFM images (2 x 2 µm2) and corresponding ImageJ analysis of surface 
coverage on post-annealed LSCF-6428 on (a) NGO (b) STO and (c) GSO substrates. 
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Table 8. Surface coverage and strain of post-annealed LSCF-6428 on NGO, STO and 
GSO sample surfaces 
 Total Area[um2] Average Size [um2] Area [%] In-Plane Strain  
NGO 1.152 0.002 28.8 Compressive 
STO 1.456 0.003 36.4 Relaxed 
GSO 1.952 0.002 48.8 Tensile 
 
Reciprocal space mapping (RSM) analysis was performed to characterize the strain in the 
LSCF thin films with various Sr content on NdGaO3 (NGO), SrTiO3 (STO) and GdScO3 
(GSO) substrates. The LSCF single crystal has a pseudocubic structure, with a= 3.915-
3.925 Å.130 NGO has an orthorhombic structure with a=5.43 Å, b=5.50 Å and c=7.71 Å, 
with a c/2=3.855 Å.131 STO has a cubic structure with a=3.905 Å.132 GSO also has an 
orthorhombic structure with a=5.45 Å, b=5.75 Å and c=7.93 Å, with a c/2=3.965 Å.133 The 
heteroepitaxial relationships between the LSCF thin films and substrates were (001)LSCF || 
(110)NGO, (001)LSCF || (001)STO, and (001)LSCF || (110)GSO, respectively (see Section 3.1).   
The RSM scans were carried out at room temperature to measure the in-plane and out-of-
plane strains in LSCF-6428 and LSCF-7328 on NGO, STO and GSO, and LSCF-8228 on 
NGO. The RSM scans consisted of multiple asymmetrical ω-2θ scans with an ω relative 
start, to locate (-204)LSCF/(44-4)NGO, (-204)LSCF/(-204)STO, and (-204)LSCF/(44-4)GSO peaks 
in reciprocal space, respectively, for films grown on NGO, STO and GSO substrates. More 
substrate related information can be found in Table 1. A typical RSM result in reciprocal 
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space is shown in Figure 56, which was performed in angular space. From the RSM results, 
the in-plane (a, b) and out-of-plane (c) lattice parameters of the film were extracted, and 
are plotted in Figure 57 and Figure 58, and the values are tabulated in Table 9.  
 
Figure 56. X-ray diffraction reciprocal space mapping (RSM) measured at room 
temperature of (001)-LSCF-6428 on (110)-NGO substrate.  
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Figure 57. In-plane lattice parameters of various substrates and LSCF thin films with 
various Sr contents, extracted from the RSM results. 
 
 
Figure 58. Out-of-plane lattice parameters of various substrates and LSCF thin films with 
various Sr contents, extracted from the RSM results.  
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Table 9. Lattice parameters for LSCF thin films on various substrates. [unit: Å] 
 
Figure 57 and Figure 58 show that all the films were partially strained with lattice 
parameters close, but not equal to those of the underlying substrates. The in-plane (a, b) 
and out-of-plane (c) lattice parameters of LSCF films on NGO and STO substrates show 
the same trend, with the values decreasing going from LSCF-6428 to LSCF-7328, and then 
increasing from LSCF-7328 to LSCF 8228. Also, films under compressive in-plane strains 
are under tensile out-of-plane strains, and vice versa. 
The main effect of strain on Sr surface segregation is on the diffusion of Sr cations within 
LSCF lattice due to the change of volume of the unit cells, which affects the activation 
energy of migration. The volumes of the unit cells and cubic root of the volumes for LSCF-
6428, LSCF-7328 and LSCF-8228 thin films on NGO, as well as LSCF-6428 thin films on 
NGO, STO and GSO substrates were calculated from the RSM results and tabulated in 
Table 10 and Table 11, respectively. The relationship of cubic root of volumes of unit 
cells of LSCF-6428 on the various substrates (which correlates directly with the net strain 
 NGO STO GSO 
 In-plane Out-of-plane In-plane Out-of-plane In-plane Out-of-plane 
LSCF-6428 3.879 4.010 3.896 3.993 3.954 3.908 
LSCF-7328 3.864 3.975 3.884 3.955   
LSCF-8228 3.888 3.997 3.907 3.984   
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in the unit cell) and the extent of Sr-segregation is plotted in Figure 59, indicating a strong 
correlation between Sr surface segregation and strain. 
 
Table 10. Calculated volume and cube root of volume of unit cells for LSCF thin films on 
NGO substrates. [unit: Å] 
 a b c Volume [Å3] Cubic root 
LSCF-6428 3.879 3.879 4.01 60.337 3.922 
LSCF-7328 3.864 3.864 3.975 59.349 3.901 
LSCF-8228 3.888 3.888 3.997 60.421 3.924 
 
Table 11. Calculated volume and cube root of volume of unit cells for LSCF-6428 on 
various substrates. [unit: Å] 
 a b c Volume [Å3] Cubic root 
NGO 3.879 3.879 4.01 60.337 3.922 
STO 3.896 3.896 3.993 60.609 3.928 
GSO 3.954 3.954 3.908 61.098 3.939 
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Figure 59. Relationship of surface coverage ratio of secondary phases with cubic root of 
volumes of unit cells of LSCF-6428 thin films on NGO, STO and GSO substrates. 
 
Taking the strain effect into consideration, the trend of Sr surface segregation observed in 
LSCF thin films with various Sr content on NGO substrates can be explained. Although 
the Sr content is decreasing monotonically from LSCF-6428 to LSCF-7328 to LSCF-8228, 
the cubic roots of volumes of unit cells follow the same trend as the Sr surface segregation 
(Figure 60). However, the net tensile strain (magnitude of cubic root of unit cell volume) 
is the largest for LSCF-8228, resulting in an enhanced Sr surface segregation in LSCF-
8228, despite the low Sr content. 
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Figure 60. Relationship of Sr surface segregation, Sr content and cubic root of volume of 
unit cell of LSCF thin films of different compositions on NGO.  
 
5.5 Model 
A model was developed correlating the surface area coverage ratio with the Sr content of 
LSCF thin films and its related strain. The terms used in this model are defined in Table 
12. Figure 61 shows the concentration profile of Sr near the LSCF surface, based on which 
the model was developed. 
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Table 12. List of terms used in the model. 
Term Definition 
X Concentration of Sr 
l Sr depletion length in LSCF 
h Average height of surface phases 
ξ 
Ratio of Sr content segregated to surface over Sr content at the 
interface 
θ Proportionality constant 
Qseg Gibbs free energy for Sr surface segregation 
[X] Concentration of species 'X' 
JSr Flux of Sr cations 
kf Forward rate constant 
kb Backward rate constant 
pO2 Oxygen partial pressure 
DSr Diffusivity of Sr cations 
a Lattice constant 
V Volume of unit cell for LSCF 
ε relative strain 
αL coefficient of thermal expansion 
t Annealing time 
A Area 
Af Fractional area coverage ratio of Sr-rich phases 
γ Correlation factor 
r Nearest-neighbor jump distance 
ν0 Characteristic attempt frequency 
ΔGm Gibbs free energy of migration 
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Figure 61. Sr concentration profile near the surface of LSCF sample. 
 
The X values are defined as concentrations in number of atoms per formula unit of LSCF. 
For example, Xb=0.4 in La0.6Sr0.4Co0.2Fe0.8O3-δ.  
Assuming ideal solid solution, where activities are equal to concentrations (a=X). At the 
surface: 
 
seg
exp( )s
i
X Q
X RT
 
 
(21) 
where Qseg is the Gibbs free energy of Sr segregation out of the LSCF lattice to the surface 
layer, and ξ is a temperature dependent segregation coefficient, representing the ratio of 
the Sr concentration in the Sr-segregated surface layer to the Sr concentration in the LSCF 
lattice at the interface which is in thermodynamic equilibrium with the segregated surface 
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layer. Here, we assume that both Qseg and ξ are not functions of Sr concentration and strain. 
Rearranging Eq. 21, gives: 
 
seg
exp( )s i
Q
X X
RT
  (22) 
At the surface, the segregated Sr is consumed by the following reaction 
 SrOO
2
1
Sr 2   (23) 
At steady state, the flux of Sr cations being used up at the surface due to SrO formation is 
proportional to the rate of the above reaction and is given as: 
  ]SrO[
2OSr bsf
kXpkJ 
 
(24) 
where JSr is the flux of Sr cations with unit of [mol · m
-2 · s-1], kf and kb are the forward and 
backward rate constants with units of [s-1], pO2 is the partial pressure of oxygen (where 
pO2=0.21 atm), [SrO] is the concentration of SrO on the surface, ,  and  are the orders 
of the reaction with respect to Sr, O2 and SrO. Assume kb=0 and the reaction is a second-
order reaction that depends on the concentration of two different reactants with each being 
first order (==1). Since the oxygen partial pressure is much larger than the Sr 
concentration at the surface (pO2>>xs) and it remains constant during the reaction process, 
this reaction could be regarded as a pseudo-first-order reaction.134 Consequently, defining 
θ as the proportionality constant, we get: 
 ssf BXXpkJ  2OSr   (25) 
where B, which is a constant in our case, is defined as 
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2O
pkB f  
(26) 
Substituting Eq. 22 into Eq. 25, we have 
 JSr = BXi exp(
Qseg
RT
)=CXi  (27) 
where C (which is also a constant in this case) is defined as: 
 )exp(
seg
RT
Q
BC 
 
(28) 
Assuming the Sr concentration follows a linear profile near the surface (Figure 61), Fick’s 
first law gives the diffusive flux of Sr to the surface as: 
 )(SrSr
l
xx
DJ ib


 
(29) 
Where DSr is the diffusion coefficient (or diffusivity) of Sr cations in the LSCF lattice with 
unit of [m2 · s-1], l is the Sr-depletion depth (Figure 61). xb’ and xi’ are the concentration of 
Sr in the bulk and at the interface, respectively, with units of [mol · m-3]. x’ is related to X 
as: 
 
LSCF
X
x
V
   (30) 
where VLSCF is the molar volume of LSCF.  VLSCF is a function of strain, and is given as: 
 )1(A
3
LSCF  NaV

 (31) 
VLSCF in Equation 31 is defined with respect to the molar volume of LSCF-6428 on NGO 
at 800°C. a° is the lattice constant (cubic root of unit cell volume) of LSCF-6428 on NGO 
at 800 °C in [m] and NA is the Avogadro constant (i.e. a°
3NA is the molar volume of LSCF-
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6428 on NGO at 800°C). ε is the strain in a general LSCF thin film lattice relative to LSCF-
6428 on NGO at 800°C (which we term as ‘relative strain’) and is defined as: 
 
3
33


a
aa
V
V 



 
(32) 
where a is the lattice constant (cubic root of unit cell volume) of a general LSCF lattice at 
800°C. Lattice constants calculated at 800°C is related to lattice constants measured at 
room temperature by: 
 LTaa  0  (33) 
Where a0 is the lattice constant of a LSCF sample measured at room temperature and αL is 
the coefficient of thermal expansion (CTE in °C-1) in the corresponding temperature 
range119, and ΔT is the deviation of temperature from room temperature. Substituting Eq. 
30 and Eq. 31 into Eq. 29, gives: 
  (34) 
Combining Eq. 27 and Eq. 34, gives: 
  (35) 
Combining Eq. 35 and Eq. 27, gives: 
 
 
(36) 
Defining molar volume of the Sr-rich phases (SrO and SrCO3) on the surface as: 
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Sr of moles
phasesrich -Sr of volume
phasesrich -Sr of moles
phasesrich -Sr of volume
m V
 
(37) 
Gives: 
 
tAJ
Ah
V
totalSr 

 SrOm
 
(38) 
Where h is the average height of the Sr-rich phases on surface, ASrO is the area of surface 
coverage of Sr-rich phases, Atotal is the total area of the film and t is the annealing time. SI 
units are used for the above parameters. Defining the area coverage ratio of Sr-rich phases 
on surface as: 
 
total
SrO
A
A
Af 
 
(39) 
and substituting Eq. 39 into Eq. 38, re-arranging, gives: 
 SrSr EJ
h
tV
JA mf 


 
(40) 
where E is defined as: 
 
h
tV
E

 m
 
(41) 
Substituting Eq. 36 into Eq. 40, gives: 
 
Sr
3
Sr(1 )
f b
A
CD E
A X
lCa N D

 
 (42) 
Dividing by CDSrE and re-arranging, gives: 
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Sr
1
(1 )
f bA Xm
n
D


 
 
(43) 
where 
  A
3
E
Nla
m


 
(44) 
and 
 
CE
n
1

 
(45) 
Assuming the diffusion of Sr cations in the LSCF lattice occurs by the vacancy mechanism, 
the diffusivity of Sr cations in LSCF can be defined as: 
 
2
Sr 0 Sr[V ]exp( )
mGD r
RT
 


 
(46) 
where γ is the correlation factor and can be taken to be 1 for random walk, where each of 
the displacements is independent of the one preceding it.135 r is the nearest-neighbor jump 
distance in LSCF. Assuming Sr can only migrate through A-site vacancies136–138, and since 
A-site atoms are located at the corners of the perovskite structure (Figure 2) the migration 
of Sr cations has to take place along the edges of the cubic structure, giving r =a. ν0 is the 
characteristic attempt frequency which is set at 1013 [s-1].139–141 ΔGm is the Gibbs free 
energy of migration of Sr cations. Assuming ΔGm is a function of the relative strain, ε, 
gives: 
 (1 )m mG G      
(47) 
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where ΔGm° is the Gibbs free energy of migration of Sr cations in LSCF-6428 on NGO at 
800°C (ε =0). Substituting Eq. 32 and Eq. 47 into Eq. 46, gives: 
 2/3
Sr(1 ) [V ]exp( )exp( )
m m
Sr
G G
D F
RT RT
 
 
  
 
(48) 
where 
 
2
DF a   
(49) 
The main charge compensation effect of Sr dopant at high pO2 values (i.e. atmospheric 
oxygen partial pressure) is the formation of holes that are localized on B-site atoms (i.e. 
oxidation of B-site cations to B4+ valence state) rather than the formation of oxygen 
vacancies, which usually happens at low pO2 values.
122,142 In other words, the oxygen 
vacancy concentration, which determines the level of cation vacancy concentrations 
according to Schottky disorder, is independent of the Sr content (Xb), and depends only on 
the temperature and pO2. Since, the temperature (800°C) and pO2 (0.21) are fixed for all 
the anneals, the Sr vacancy concentration in LSCF will stay the same for all the thin films 
of different Sr contents (Xb). So the diffusivity of Sr could be re-written as: 
 
2/3(1 ) exp( )SrD K I    (50) 
where  
 Sr[V ]exp( )K F I   
(51) 
and 
 m
G
I
RT


 
(52) 
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Substituting Eq. 50 into Eq. 43, gives: 
 
1/3
1
(1 ) exp( )
f bA X
L I n 

  
 (53) 
where  
 
m
L
K

 
(54) 
Equation 53 gives an expression of area coverage ratio Af as a function of the bulk Sr 
concentration in the thin film, Xb, and the relative strain, ε, present in the LSCF lattice, with 
3 independent parameters L, I and n that can be extracted by fitting Eq. 53 with the available 
data points tabulated in Table 13.  
 
Table 13. Data points used in modeling and the deviation of the fit. 
Xb ε Af (measured) Af (fit) Deviation 
0.4 0 0.288 0.314 5.0% 
0.4 0.00439 0.364 0.365 0.5% 
0.4 0.01253 0.488 0.483 -1.0% 
0.3 -0.01964 0.147 0.140 -0.5% 
0.2 0.00191 0.181 0.172 -5.0% 
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Some conclusions can be directly made from Eq. 51. For example, with fixed relative 
strain, the surface area coverage ratio is linearly proportional to Sr content. The relative 
strain is going to affect the surface area coverage ratio in three ways: it affects the Sr 
concentration per unit volume, it affects the nearest-jumping distance of Sr cations and it 
also affects the Gibbs free energy of migration of Sr cations. The first two effects were 
combined, leading to the (1+ε)1/3 term at the denominator of the equation. Considering the 
relatively small values for relative strain, ε, this term has a smaller effect on Af than the 
effect strain on migration energy, which shows up as an exponential term. For a fixed Sr 
content (Xb), the surface area coverage ratio Af increases with increasing relative strain, ε. 
The fitting result is shown in Figure 62, where area coverage ratio Af is plotted as functions 
of Sr content in LSCF (x-axis) and relative strain (y-axis). The x-y view (relative strain vs. 
Sr content) with surface area coverage ratio represented using color scale is shown in 
Figure 63. The parameters next to the data points represent Af from the data, Af on the fitted 
surface and its deviation from the data value in percentage (also tabulated in Table 13), 
respectively. The area coverage ratio, Af, is plotted against relative strain, ε, with Sr content 
fixed at 0.4, 0.3 and 0.2, respectively (Figure 64). Af is also plotted against Sr content Xb, 
with relative strain fixed at 0.01, 0, -0.01 and -0.02, respectively (Figure 65). The 
deviations of the fit from the data points were relatively small, indicating a good fit. The 
fitting parameters used in this model are tabulated in Table 14. 
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Figure 62. A surface created by Eq. 53 to the available data. The data points are marked as 
crosses in the figure, with solid cross representing data point above the surface and 
transparent crosses below the surface. 
 
 
Figure 63. x-y view (relative strain vs. Sr content) with surface area coverage ratio 
represented using a color scale. The parameters next to the data points represent Af from 
the data, Af on the fitted surface and its deviation from the data value as a percentage, 
respectively.  
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Figure 64. Calculated surface area coverage ratio as a function of relative strain for various 
Sr contents. 
 
 
Figure 65. Calculated surface area coverage ratio as a function of Sr content for various 
relative strains. 
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Table 14. Parameters used in modeling. 
Model Parameters Value (Convention) Value (Used in this study) Reference 
T 800 °C 1073.15 K This study 
pO2 0.21 atm 0.21 atm This study 
l 10 nm 10-8 m This study 
h 12.98 nm 12.98×10-8 m This study 
θ 1 mol · m-2 1 mol · m-2 Fitted 
Qseg 38.173 kJ·mol-1 38173 J·mol-1 Fitted 
kf 0.0838 hour
-1 2.328×10-5 s-1 Ref. 143 
kb 0 0 This study 
αL 
LSCF-6428 15.3×10-6 °C-1 15.3×10-6 °C-1 
Ref. 119 LSCF-7328 14.6×10-6 °C-1 14.6×10-6 °C-1 
LSCF-8228 15.4×10-6 °C-1 15.4×10-6 °C-1 
Vm 2.60×10
-5 m3mol-1 2.60×10-5 m3mol-1 This study 
t 10 hours 3.6×104 s This study 
γ 1 1 Ref. 134 
ν0 1013 s-1 1013 s-1 Ref. 139–141 
ΔGm 186.38 kJ·mol-1 186384 J·mol-1 Fitted 
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The temperature (T) and oxygen partial pressure (pO2) used in the model were set at 
1073.15 K (800 °C) and 0.21 atm, respectively. The depletion length of Sr, l, is assumed 
to be 10 nm.144 The height of Sr-rich surface phases, h, is the average height obtained by 
measuring the height of 10 particles from the AFM image of each of the surface of post-
annealed LSCF samples. The molar volume of the surface phases, Vm, is calculated based 
on the study of nature of Sr-rich phases on surface in Chapter 4, where a fixed ratio in 
thickness of SrO and SrCO3 layers is assumed. The annealing time was fixed at 36000 
seconds (10 hours). The rest of the parameters were either obtained from references or 
extracted from the fitting parameters of the model.  
The parameters extracted from the fitting results were found to be in a physically 
meaningful range. The Gibbs free energy of migration of Sr cations in LSCF lattice was 
fitted at 186.38 kJ·mol-1, which is in between 145 kJ·mol-1 and 193 kJ·mol-1 reported by 
Huang et al.145 The diffusion coefficient (or diffusivity) of Sr in LSCF was calculated to 
be 6.77×10-21 m2s-1 (or 6.77×10-17 cm2s-1), which is of the same order of magnitude as 
reported by Kubicek et al144, where they studied cation diffusivity in LSC and its relevance 
to Sr segregation. The estimated time at which steady-state conditions could be achieved 
was also calculated using the following equation135, 
 
Sr
2
D
l

 
(55) 
Where τ is the estimated time to reach steady state, which is calculated to be 14770 seconds 
in this study. An annealing time of 10 hours, gives 36000 seconds, which is greater than 
14770 seconds, validating the steady state assumption.   
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5.6 Conclusions 
In this chapter, the Sr surface segregation phenomenon was studied as functions of Sr 
content and strain of LSCF thin films. TXRF results showed that the Sr segregation to the 
surface was reduced by lowering Sr content in LSCF from 40% to 30% while it was 
enhanced by further lowering Sr content from 30% to 20%. The surface morphology and 
electronic structure of the Sr-rich secondary phases on the surfaces of post-annealed LSCF 
samples were investigated by AFM and HAXPES, showing the same trend that agreed with 
the TXRF results. The strains in LSCF thin films with various Sr content on various 
substrates (NGO, STO and GSO) were measured with RSM using HRXRD and the Sr 
surface segregation was found to be reduced with compressive strain and enhanced with 
tensile strain present within the thin films. The strain in this study is defined as the relative 
strain and is determined by the fractional difference in volumes of unit cells in LSCF thin 
films at 800°C with the volume of an LSCF unit cell on NGO at 800°C.   
A model was developed correlating the Sr surface segregation with Sr content and the 
relative strain. A surface fitted based on the model agrees well with the available data. It 
was found that Sr surface segregation increased linearly with increasing Sr content at a 
fixed relative strain, and that it increased monotonically with increasing relative strain at a 
fixed Sr content. The model indicates that the effect of bulk Sr content is to increase the 
equilibrium surface concentration of Sr, while the main effect of strain is on to modify the 
diffusivity of Sr cations by changing the free energy of migration of Sr cations.  
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6. CO2 effect on Sr surface segregation of LSCF-6428 
6.1 Introduction 
40% strontium doped lanthanum cobalt iron oxide, La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF-6428), 
is a commonly used perovskite-type material for cathodes in solid oxide fuel cells (SOFCs). 
The advantages of LSCF-6428 lie in its mixed ionic and electronic conductor (MIEC) 
behavior and its excellent thermal expansion coefficient (TEC) match with the electrolyte, 
which is often yttria stabilized zirconia (YSZ) and gadolinium doped ceria (GDC).19 In 
spite of these advantages, when operated at working temperature of SOFCs (typically, 
>800°C), LSCF-6428 suffers from long-term stability issues.62,70,108,122 These issues have 
negative implications for long-term usage of these cathode materials.  
Strontium segregation to the surface of LSCF-6428 during annealing at elevated 
temperatures in the form of strontium oxide (SrO) and strontium carbonate (SrCO3) has 
been reported previously.59,146 Oh et al. reported that the formation of Sr-rich precipitates 
was enhanced with increasing temperature and oxygen partial pressure.59 Davis et al. 
reported SrCO3 formation on LSCF-6428 thin films after annealing at 800°C in air, using 
hard x-ray photoelectron spectroscopy (HAXPES).146 The formation of SrCO3 was 
attributed to the presence of CO2 in the atmosphere. It was speculated that SrO is formed 
at the surface due to Sr surface segregation, leading to the formation of SrO by reaction 
with atmospheric oxygen. Reaction of SrO with atmospheric CO2 leads to the formation of 
SrCO3. It is also possible that CO2 will directly react with the enhanced Sr concentration 
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at the surface of LSCF-6428 in the presence of O2 to form SrO and SrCO3. The formation 
of these surface phases will be deleterious to the electrochemical performance of the device 
not only because SrO and SrCO3 are both electrical insulators, but also because formation 
of these surface phases reduces the effective LSCF-6428 surface area for oxygen 
incorporation, which is an important step in oxygen reduction reaction (ORR) process. The 
anode exhaust gas in SOFCs undergoing an anode gas recycle process can contain as much 
as 30% CO2 produced by hydrocarbon fuels.
106  Any gas leakage from the anode side 
resulting from crack formation in the seals, electrolyte or interconnects will risk exposing 
the cathode to this high CO2 concentration. For this reason, a 30% CO2 gas phase 
concentration is chosen as the high-CO2 concentration in this study. 
Different CO2 partial pressures were applied for real-time TXRF studies at typical SOFC 
working temperature 800°C, aiming to probe the kinetics of Sr segregation at the surface 
of LSCF-6428 thin films. AFM studies were performed to examine morphological changes 
on the surface and DFT calculations were used to explain the mechanism of the 
segregation. 
In this study, LSCF-6428 thin films were grown epitaxially on single crystal lattice 
matched substrates to get a smooth surface/gas interface suited for grazing incident angle 
x-ray studies. Epitaxial LSCF-6428 thin films were deposited on lattice matched 
10×10×0.5 mm3 single crystal (110) NdGaO3 (NGO, CrysTec) substrates by pulsed laser 
deposition (PLD) at the Environmental Molecular Sciences Laboratory (EMSL) at Pacific 
Northwestern National Laboratory (PNNL). The films were deposited using a LSCF 6428 
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target, at an oxygen partial pressure of 10 mTorr, and with the substrate heated to 550°C. 
The heteroepitaxy of (001) LSCF-6428 || (110) NGO was confirmed by x-ray diffraction 
(XRD) analysis (Figure 66a). Figure 66b shows a cross-section of a focused ion beam (FIB) 
assisted cross-section of the thin film, showing that the heteroepitaxial film was ~ 250 nm 
in thickness. 
 
Figure 66. (a) XRD and (b) FIB-SEM of (001) LSCF-6428 thin film on (110) NGO 
substrate. 
 
6.2 Characterization techniques 
6.2.1 TXRF 
Real-time total reflection x-ray fluorescence (TXRF) measurements were carried out at the 
X23A2 beamline at the National Synchrotron Light Source-I (NSLS-I) at Brookhaven 
National Laboratory (BNL). A specially designed stainless steel chamber was used that 
allows incoming and outgoing x-ray beams as well as the fluorescence signals from the 
sample to go through its Kapton window. The x-ray fluorescence signals are collected 
using a fluorescence detector facing the Kapton window of the chamber. The chamber is 
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capable of heating a sample up to 1000°C with flowing gases. This chamber was fixed onto 
a Huber goniometer that can tilt the sample relative to the beam during the experiments.  
Before taking measurements, the chamber was first flushed with the desired gas 
composition with a volume 15 times larger than the chamber volume to ensure that all 
residual gases in the chamber are removed. The gas compositions for the two experiments 
were 30% CO2 - 21% O2 - 49% N2 for the ‘high CO2’ concentration experiments and 21% 
O2 - 79% N2 for the ‘CO2-free’ experiments. In both cases, the oxygen partial pressure was 
0.21 atm. After the environment achieved desired gas phase composition, the sample was 
heated to 800°C in 40 minutes. The chamber was then kept heated at 800°C for 9 hours. 
Scanning the incoming x-ray over a range of incidence angles starting with a grazing angle 
and collecting the fluorescence signals for all the elements carried out depth profiling of 
all the elements. Each such scan lasted for ~ 45 minutes. At large incident angles, the x-
ray beam penetrates deep into the sample and the detector gets signals from the substrate 
as well as from the thin film. As the incident angle is reduced, the depth from which the 
signal is collected reduces. Below a certain angle, known as the critical angle θc, the x-ray 
beam is totally reflected and only the topmost ~10 nanometers of the thin film fluoresce, 
giving the surface composition of the film. The spot size of the beam was adjusted to 5 mm 
×0.2 mm (horizontal × vertical). The position of the sample was aligned so that the beam 
was cut in half and located at the center of the side of sample at 0° tilt (Figure 66). 
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Figure 67. Geometry of photon beam (green) and sample (brown) from top and side. 
 
6.2.2 AFM 
After the real-time TXRF measurements, the samples were cooled down to room 
temperature. Atomic force microscopy studies were carried out on the post-annealed 
samples using a Bruker Dimension 3000 AFM. 
 
6.2.3 HAXPES 
Hard x-ray photoelectron spectroscopy (HAXPES) measurements on the post-annealed 
TXRF samples were carried out in Beamline X24A at the NSLS. Incident photon energy 
of 2140 eV was used, and the energy was calibrated using the 3d binding energy of silver 
(Ag 3d5/2=368.27 eV) measured from a silver foil. The strontium 3d peak is a doublet from 
spin orbit splitting into 3d3/2 and 3d5/2. Curve fitting was carried out in the same manner as 
reported by van der Heide.108 To distinguish between surface phases, Sr 3d5/2 peaks 
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corresponding to 133.0 and 134.0 eV energies, were attributed to surface strontium oxide 
(SrO) and surface strontium carbonate (SrCO3), respectively. 
 
6.3 Results and discussions 
Raw data was processed using the same manner described in Chapter 5. Processed data for 
the in-situ TXRF measurements for LSCF-6428 thin films at 800 °C is plotted as RSr/(Sr+La) 
versus the incident angle of the x-ray beam. Figure 66a and b show the results for the ‘high 
CO2’ and ‘CO2-free’ cases, respectively. The total high-temperature exposure time in both 
experiments was ~ 9 hours. Since information on surface segregation is present in the data 
collected at incident angles below the critical angle, data is presented only for incident 
angles close to the c. 
 
Figure 68. Real-time TXRF data for LSCF-6428 plotted as Sr/(Sr+La) ratio versus x-ray 
beam incident angle. The plots are from data collected at (a) 800°C in 30% CO2, 21% O2 
and 49% N2 for 9 hours and 7 minutes and at (b) 800°C in 21% O2 and 79% N2 for 8 hours 
and 51 minutes. 
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Figure 66 shows the Sr 3d peaks measured by HAXPES, for an as-deposited sample, as 
well as the post-annealed samples in CO2-free and high CO2 atmospheres. The peaks have 
been fit to three separate 3d3/2 and 3d5/2 doublets, corresponding to surface SrO, surface 
SrCO3 and bulk perovskite phases. The figure shows that while there is some surface 
phases form in the as-deposited sample, the high temperature exposures clearly lead to 
enhanced surface phase formation. The figure also shows that the surface carbonate to 
surface oxide contributions is much more enhanced for the high-CO2 case. 
 
Figure 69. Sr 3d peaks of a) 30% CO2-annealed, b) CO2-free annealed and c) as-deposited 
films obtained by HAXPES measurements. The data is fit to a combination of a surface 
oxide (SrO), a surface carbonate (SrCO3) and a bulk perovskite (LSCF) phase. 
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The critical angle, c, for LSCF-6428 at 800°C for an incident x-ray beam with energy of 
16.3 keV is calculated to be 0.17 degrees. To understand surface segregation, it is best to 
start at the dashed line in Figure 4 that marks the critical angle and look at the trends going 
towards lower angles to the left.  This gives the profile of Sr/(Sr+La) ratio going from the 
bulk towards the surface of the thin film. 
It is interesting to note in Figure 66 that the as-deposited film is actually Sr-poor (La-rich) 
at the surface. However, in both cases, Sr segregation to the surface of the LSCF-6428 thin 
films occurs on annealing, with the amount of Sr segregation increasing with annealing 
time at 800°C (Figure 66a and b). In both cases, by the end of the anneal, the surface Sr 
enhancement exceeds the bulk value of 0.4, in spite of the original as-deposited surface 
being Sr-poor. In the high-CO2 atmosphere, the Sr surface segregation appears to reach a 
stable value after 2 hours of annealing, and does not change appreciably during the 
subsequent annealing time.  In contrast, for the CO2-free case, Sr continues to segregate to 
the surface even after 9 hours of annealing. This is a clear indication that the kinetics of Sr 
surface segregation is enhanced in high-CO2 case. It should be mentioned that no changes 
were observed on the B-site cation sublattice and the ratio of Co to Fe signals remain 
unchanged during annealing.  
For the formation of surface SrCO3 in the high CO2 case, two possible mechanisms are 
proposed. The first can be pictured as a two-step process. The first step is the formation of 
a surface SrO phase by the reaction of enriched surface Sr with atmospheric oxygen. This 
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is followed by the formation of a surface SrCO3 phase by reaction of the SrO with 
atmospheric CO2 (Eq. 56).  
 
2 2 3
1
i) Sr+ O SrO   ii) SrO+CO SrCO
2
   (56) 
At 800°C, the equilibrium CO2 partial pressure for SrCO3 formation is 1.7×10
-3 atm. Since 
the high-CO2 partial pressure of 0.3 atm is well above the equilibrium value, the formation 
of SrCO3 is thermodynamically favored. The formation of SrCO3 removes the reactant, 
SrO in step i), which is also the product in step ii) (Eq. 56). By removing the product, the 
kinetics of Sr surface segregation and following phase formation in step i) is enhanced. 
In order to address this issue, AFM analyses of the sample surfaces after annealing were 
carried out. The AFM images are shown in Figure 66a and b. The figures show that the 
surface precipitates in 30% CO2 case are significantly larger than those in the CO2-free 
case, resulting in surface area coverage ratio of 61.3% versus 12.2%, respectively. This 
supports the conjecture that in the high-CO2 case, the surface is indeed highly covered by 
the newly formed surface phases. These surface phases can act as a diffusion barrier, 
thereby reducing the effective area for Sr surface segregation and reaching a steady state 
after 2 hours of annealing. 
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Figure 70. AFM 3-D images of the surface of post-annealed LSCF-6428 samples in a) 
high-CO2 environment and b) CO2-free environment. 
 
6.4 Conclusions 
This study demonstrates that the presence of CO2 in the atmosphere enhances the kinetics 
of surface Sr segregation in LSCF-6428 thin films at 800°C. The results suggest that the 
formation of SrCO3 increases segregation kinetics and allows Sr surface segregation to 
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reach a steady state significantly faster. It appears that this steady state is not due to the 
surface reaching thermodynamic equilibrium, but due to blocking of the perovskite 
surface by the surface phases.  
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7. Conclusions 
 
In this work, the effects of composition, lattice strain, as well as atmospheric carbon 
dioxide on the Sr surface segregation phenomenon in LSCF was studied. Advanced 
characterization techniques were utilized to fully investigate the segregation phenomenon, 
including TXRF, HAXPES, SEM, AFM, FIB, S/TEM, EDX, XRD and HRXRD. 
Heteroepitaxial thin films of La1-x SrxCo0.2Fe0.8O3- with various Sr contents (x = 0.4, 0.3, 
0.2) were deposited by PLD on single crystal NdGaO3, SrTiO3 and GdScO3 substrates, 
leading to different strains in the films. 
On annealing at 800°C, Sr surface segregation was identified on surfaces of all LSCF thin 
films. The nature of the Sr-rich phases on surface was investigated, revealing the phases 
contained SrO covered with a capping layer of SrCO3. The formation of Co-rich phases on 
surface of LSCF-7328 on NGO substrate was observed in the S/TEM using EDX mapping, 
and was attributed to a possible consequence of Sr surface segregation.  
The Sr surface segregation phenomenon was studied as functions of Sr content and strain 
of LSCF thin films. TXRF results showed of LSCF-6428, LSCF7328 and LSCF-8228 thin 
films on NGO annealed in air at 800°C for 10 hours exhibited Sr segregation to the surface. 
The extent of Sr surface segregation was reduced by lowering Sr content in LSCF from 
40% to 30% while it was enhanced by further lowering Sr content from 30% to 20%. The 
surface morphology and electronic structure of the Sr-rich secondary phases on the surfaces 
of post-annealed LSCF samples were investigated by AFM and HAXPES, showing the 
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same trend that agreed with the TXRF results. The strains in LSCF thin films with various 
Sr content on various substrates (NGO, STO and GSO) were measured with RSM using 
HRXRD and the Sr surface segregation was found to be reduced with compressive strain 
and enhanced with tensile strain present within the thin films. The strain in this study is 
defined as the relative strain and is determined by the fractional difference in volumes of 
unit cells in LSCF thin films at 800°C with the volume of an LSCF unit cell on NGO at 
800°C.  
A model was developed correlating the Sr surface segregation with Sr content and the 
relative strain. A surface fitted based on the model agrees well with the available data. It 
was found that Sr surface segregation increased linearly with increasing Sr content at a 
fixed relative strain, and that it increased monotonically with increasing relative strain at a 
fixed Sr content. The model indicates that the effect of bulk Sr content is to increase the 
equilibrium surface concentration of Sr, while the main effect of strain is on to modify the 
diffusivity of Sr cations by changing the free energy of migration of Sr cations. 
It was found that the presence of CO2 in the atmosphere enhances the kinetics of Sr surface 
segregation in LSCF-6428 thin films at 800°C. The results suggest that the formation of 
SrCO3 increases segregation kinetics and that even trace amount of CO2 can lead to the 
formation of SrCO3. 
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